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PREFACE 


Like ninny other teadim of geology and geographv in tlds 
country, I have bug fdt the need for n thoroughly up-to-date 
(look on Physical Geology, ! therefore readily responded when 
the publishers invited me to write tlie son of book that scented! 
to be required. The method of treatment adopted Ls one that 
twenty years' experience lias shown to be successful in training 
students and in holding and developing their interest, even 
"hen. ;is has often been the case, some of them have come to 
the subject without any preliminary acquaintance with scien¬ 
tific principles and methods. For this reason ii is hoped that 
the book will appeal not only to students and teachers and to 
i he senior classes in schools, hut also to the general reader 
who wishes to see something of the " wild miracle ” of the 
world we live in through the eyes of those who have tried to 
resolve its ancient mysteries. 

The earth's activities may be compared to an intricate 
interplay of combined operation!, and the tcsultv, whether they 
be landscapes, natural catastrophes, or materials such as 
budding stone* ami fuels, are correspondingly varied. It k 
inherent in die character uf the subject that the lull significance 
of any one aspect can be properly apprec iated only hi relation 
to the whole. A broad preliminary survey has therefore been 
presented in Part l. to serve as an introduction to the more 
detailed treatment that follow's. Pan 11 deals with die outer 
earth and only turns aside from tracks already familiar to take 
in the more imi;resting results achieved by recent progress. 
Pan III is mainly concerned with the activities y f the j nncr 
earth and their surface expressions. Thanks to the variety of 
detective metltods that have been developed during the present 
century, the depths are lew inscrutable dmn formerly and the 
time is ripe for the incorporation into an elementary Imolc of 
tire many spectacular discoveries that have alrcadv been made. 
But C%cn w, the frontiers of established knowledge are soon 
readied, and what we think we see by peering beyond is merely 
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interpretation, and must on no account be confused with the 
solid fart? <if observation, White I have not hesitated to intro¬ 
duce current views, since these reveal the active growth of the 
subject, it should be clearly realized that topic- such ju the 
cause of mountain building, the source of volcanic activity and 
the possibility of continental drift remain controversial jusl 
because the guiding (acts arc si ill too few to provide a foundation 
fin' mure than tentative hypotheses, It is my hope that reeogai* 
lion of w»me nf llser outstanding problems may stimulate at least 
a tew m| my readers to cooperate in the attempt to solve [hem. 

i’rnfrwur Alfred llranitnitll, Dr. Lroiiarrf Hawkes and rm 
wife I Jr. Doris L. Reynolds] have given itcneroiis assistance by 
reading the first draft of the book, and ( gratefully acknowledge 
that the subsequent revision owes much to tlidr constructive 
criticism and helpful suggestions, For any defects lhai -iiiij 
ncmain—whciher of fact, treatment, judgment or style— J am. 
of course, entirely responsible. 

As befits the subject, special care has been taken to illustrate 
the book as fully ami effectively as possible. Of the 2B2 text- 
figures over two hundred have been specially drawn. Some of 
the figures arc original, others are bared on diagrams already 
published, and a few have been directly reproduced with due 
acknowledgment. In addition to the photographs procured 
fmm pro'c'-i n;J photographers and press agemiis. many 
more have been contributed by various friends and oflidal 
organic a lions. It is a pleasure to record my cordial thanks to 
the following [ 

The Director of H-M. Geological Survey, for fifty subjects 
selected hum she Survey's unrivalled collection of British 
geological photographs. Copyright of these is reserved by the 
Crown, and this hits been specifically stated beneath eleven of 
(hr reproductions, to indicate that they arc iminded by per¬ 
mission of the Controller of H.M, Stationery Oflke. 

The Director of the United States Geological Survey, ami 
ab«> the National Park Service and the Department nf the 
Interior of the United States, for providing batches of photo¬ 
graphs from which many striking and iiiMrur.tive subjects have 
been selected. 


vi 
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The Director-General of i lie South African Air Force, fur 
supplying' ihe originals of Figs, fin and Ml and Plate 87 a, which 
are 11 .iir photographs published under the Union of South 
Africa Government Printers Copyright Authority No- 4Wt of 
IlM I.4J." and of Plates KU, 4i>A and 8K, which were taken by 
the Aircraft Operating- Company of South Africa Limited. 

The Curator of the Belfast Municipal Museum and Art 
Gallery for permission to use three photographs (Plates Ka, 1 7a, 
and 3$u! from the wclhknown sere; taken bv the laic Mr. 
R. Welch. 

The Geological Photographs Committee of thr British 
Association i Fig. 18 and Plate 74 b, ; the Egyptian Government 
■Piute M2 a and n : the Burma Forest Service Plate 7»h) ; 
and the Burmuh Oil Company Limited (Plate 77a). 

A word of personal appreciation is due to Mr. F. N. 
Ashcroft for the privilege «f using ten of his superb geological 
photographs. Other friends and correspondent to whom I 
am indebted lor illustrative material are Capt. J. Brown, 
Mr. F. A. Bannister, Dr. H. S. Bell, Dr. A. j, Bull, Dr. A. M. 
Cockburn, Dr. R. M, Craig, Mr. A. D. Combe, Prof. R. A. 
Daly, Dr. D. Griggs Dr. 1.. Hawkes, Prof. H. G. A. Hickling, 
Dr. \V, F* Hume, Prof. A. tacroic, Dr. C, E. Marshall, Mr, 
G. O’Neill, Prof, S. H. Reynolds, the late Dr, R. W. Saytcs, 
Mr. G. S. Sweeting, Dt. C. T. Trechmann, Dr. G. W. Tyirdl, 
Prof, W. W. Watts, Mr. E. J. Waylaid and Dr, C. E, Wegmann. 

It will be noticed that the illustrations arc nor listed in the 
preliminary' pages. When such lists become unduly long, a. 
would litre have been the case, they tend to defeat their pur¬ 
pose. As an alternative which it is hoped wIH LitUiiale easy 
reference, the plates and text-fig tins- arc inch irk'd in the index, 

ARTHUR HOLMES 

Durham EmxwnGH 

July t&* May 1944 
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PART 1 A PRELIMINARY SURVEY 


ClEAPtr.R I 

INTRODUCTION 

Interpretations of Nath at : Ancient and Modern 

The world we live hi presents .m endless variety nf fascinating 
problems which excite our wondrr mid curiosity. The scien¬ 
tific worker, like a detective, attempts to formulaic these 
problems in accurate terms and. so fir as is humanly possible, 
to solve them in the light of all the relevant facts iliaL can 
be collected by observation and experiment. Such questions 
;ts What? Hou ? Where? and When? challenge him to 
find the dues iliai may suggest possible replies. Confronted 
by the many problems presumed by. let us *av, an active 
volcano (Plate 2), wc may ask . What arc the lavas made 
of? How does tin volcano work and how is. the heat gene¬ 
rated ? Where do the lava- and gases come from ? When 
did the volcano first begin to erupt and when ii it likely to 
erupt again ? 

Here and in nil such queries the question What ? refers 
to the stuff things are made of, and an answer can be 
given in terms of chemical compound and dements. Not 
the dements of ancient philosophers, who coiniili-red ihe 
ultimate ingredients of thing', lu lie earth, air, fire, and wain , 
hut i hemic a] dements such as oxygen, lit icon, iron, and 
aluminium. 

The question How ? refers to processes—the way things are 
made or happen or change. Hie ancients regarded natural pro¬ 
cesses as manifestations of power by capricious and irresponsible 
gods. In the Mediterranean region, for example, Poseidon 
was regarded as die ruler ol (he seas and underground waters. 
As the waters confined below the surface struggled to escape, 
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foseidon assisted them bv shaking i lie earth anti figuring the 
ground. He thus became the god of earthquakes. Typhon, 
the source id' destructive Hinds, was a " many-headed monster 
of malignant ferocity ” imprisoned in the earth, from him 
the dn .irl I typhoon take*. its name. Pluto win ihe <!«ii\ ptr- 
siding over the fiery regionv of llic underworld. The eruptions 
of lavas and volcanic bombs from Strom bo] i and Vesuvius 
were expression; of his wrath. In Ireland, on the other hand, 
legendary gianu made things happen. They were scone 
throwers and builders. One of them Hung the Isle of Man 
into the Irish Sea and Lough Neagh represents the place it 
was taken from.. The Giant’s Causeway (Plate ft id, which is 
a terrace carved by the weather mid the sea [rora an a uncut 
lava How of columnar basalt, was “ explained " as the work 
of the giant Lio n it MacCn mhal. 

I if-day we think of natural processes as manifestadorn of 
energy acting on or through matter. Wr no lunger blindly 
accept events as results of the unpredictable whims of mytho¬ 
logical beings. Typhoons and hurricanes are no longer inter¬ 
preted as the destructive breath of a wind god : they arise 
from the heating of the uir over sun-scorched lands. The 
source of the energy is heat from the sun. Volcanic eruptions 
and earthquakes no longer reflect the erratic behaviour of the 
gods of the underworld : they arise from the action of the 
earth s internal heat on and through the surrounding crust. 
The source of the energy lie; in the material of the inner 
earth. In many directions, of course, and particularly where 
great catastrophe* .me concerned, our knowledge is still woe¬ 
fully incomplete. Only the first of the questions we have 
asked about Volcanoes, can as yet be satisfactorily answered, 

I he point is not that wr now pretend to understand every¬ 
thing—if we did, the task of science would be over— bill that 
wr have faith in the orderliness of natural processes. As .1 
result of two nr ihree centuries of scientific investigation we 
have come to believe that Nature is understandable m the 
sense that if we ask her questions by way of appropriate observa¬ 
tion and experiment, site will answer truly and rewind us with 
discoveries that endure. 
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me MAJOR SCIENCES 


The. Major Fields of Scienhfic Study 

Tile questions we ask when filled with a ult imo in eruption 
are typical of the kind* suggested by all natural phenomena. 
Tin y Indicate that—in general tram- -scientific investigation 
is concerned with the manifestation* and transformations of 
matter and energy in spare and time. 

Of all the •< fences Pftyrics is the most fund amenta I, Tor it 
deals with all the manifestations of energy and with the nature 
and properties of mutter in their most central aspecis. ft 
Overlaps to some extent with Chemistry, which is [particularly 
concerned with the composition and interactions of suhstatu .v< 
of every kind in terms of atoms and molecules, drments and 
compounds. Biology is die science of living matter. The 
nature of life still remain? ait elusive mystery, completely 
inexplicable in terms of matter and energy alone, hut living 
organisms and their evolution can nevertheless be investigated 
&ricnlificatly. All other sciences arc restricted to more or less 
specific fields of interest- Asito/iomy claim* the uniat homed 
universe of stars and iicbnLi: as its field uf study. It i* con¬ 
cerned with the distribution and movements of matter in space 
on a teicsii.il scale. Its intereAl in the earth is limited to the 
purely planetary aspects of our globe. Regarded as a daughter 
or the sun, the earth may be only an Hi significant speck in 
the immensity of space. Hut the earth is also the mother 
ol life and the home of mankind, and as such we naturally 
regard her os the most important of all the celestial bodies. 
Thus the earth remains as n special field for investigation, 
and to this is devoted the science appropriately known as 
Gwhgy (from the Creek <3#, the earth ; fogai, logical speech or 
“ science ’*). 

From the earliest days nf exploration Gtegwphy has been 
recognised a< the study of the “ home of mankind/’ Modem 
geography foi uses attention on man's physical, biological, and 
cultural environ men t and on the relationships between man 
anti hi-, environment. The study of the physic al environment 
by t tie It is Physical Geography, which includes consideration 

3 


i sTHODitcnox 



hufaiivUion* erf the v# «•* ** "**" 10 ^ **“*“ 

















BWANUMEE Or GFjOl.OtfV 

of 111! surface relief of The gin be (Gcoirtorpholagy)* of the seas 
and occam {Oceanography), and of the air , Meteorology and 
1 'lintiitulugy-. Partly as an olTshoot from early geography and 
partly from the observations of miners, but mainiv from the 
Work of amateur collectors of minerals* rocks, and fossils, there 
developed the more general science of the earth which is 
distinguished as titology. 


The Scope and Subdivisions of Geology 

Modern geology' lias for its aim (he deciphering of the whole 
evolution i>J' the earth and its inhabitant* from die time of 
die earliest records Uuu can he recognized in the rocks right 
down to the present day, So ambitious .1 programme requires 
mucii subdivision uf effort, and in practice it is convenient 
to divide tlie subject into a number of branches, as shown in 
Fig. J, which also indicates the chief relationships between 
geology and the other major sciences. The key words of die 
three main branches tire die mttrialt of Lite earth's rocky 
framework (Mineralogy and Petrology) ; die geological pn> 
cesscs or machinm ol die earth, by means of which changes of 
all kinds are brought about (Physical Geology) ; and finally 
die sutension of there diangci, or die hhttny of the earth 
(Historical Geology). 

The earth is made up of a great variety of materials, such 
,i' air, water, ice, and living organism;, as well as minerals and 
rocb and the useful deposits of mrtuliic ores and fuels which 
are associated with them. The relative movements or these 
materials (wind, rain, rivers, waves, currents, and glaciers ; 
the growth and movements of plants and animals ; and die 
movements of hot materials inride the earth, at witnessed hy 
volcanic, activity .ill bring about change* in the curtltb crust 
and on its surface. The changes involve die development of 
new rocks from old \ new structures in the crust; and new 
distributions of Jam! and yea, mountains and plain, and even 
of climate and weather. The scenery of to-day ls only the 
latest stage of an ever-changing kaleidoscopic series of widely 
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vaikd landscapes—and seascapes. Physical Geotog U con- 
cemed with all the terrestrial agent* and processes of change 
and with the effects brought abom by them. This branch of 
ge»dog3 is by no means restricted to geomorphology, the study 
of the surface relief of the present day, which it shares with 
physical grffp^phy, Its main bticrcst, we have is 

in the machinery of die earth, past and present, and in the 
various by-products, of which the existing surface relief and 
the mb now * process of formation are important exam pies. 

Changes ut all kinds have been going on continuously for 
something like -,000 million years, To a geologist a rock is 
more than an aggregate of minerals ; it is a page of the earth's 
autobiography with a story to unfold, if only he can read the 
language in which the record is written. Placed in their 
proper order from first to last {Stratigraphy), these pages embody 
the history oi die earth. Moreover, it is familiar knowledge 
t i.u many beds of rock contain the remains or impressions of 
shells or bones or leaves. These objects, called fossils, are the 
it-hcs of arumats or plants that inhabited die earth in andent 
mn«. Paleontology is the study of ih r remains of these ancestral 
forms of life. Thus we *rc that Historical Geology deals not only 
w'lth ihr sequence of event* brought about by the operation 
■ ■I the physical processes, but also with the history of the long 
pnorfssinxi of life through the ages. 

Gen logy i- by no means without practical imjsm-tance in 
to ner * 3,ld industries of mankind. Thousands 
of geologists are actively engaged in locating and exploring the 
timirrd resources of the earth. The whole world is being 
sc.u, hed for coaland oil, and for the ore* of the useful metals 
y° ORm * il " llIst > directly Concerned with the vital subject 
of water supply. Many engineering project*, such as tunneh. 
canal*, docks, and reservoirs, call for geological advice in the 
srte. torn. .ifsue* and material*. In thwe and many oUlcr Wayj 
geolc f gy ts applied to the service of mankind. ' * ' 

All hough geology has its own laboratory methods for 
studying minerals, rooks, and fossils, i r U a sStUJly an open- 
eIt attracts its MbwCl* to crag* and wat<S, 

8 i ' nd ,ukaa, j«. beadits and coral reds, ever farther 
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dnd farther afield in the search for information about the 
earth and her often puzzling behaviour. Wherever rocks are 
to be seen In clifis and quarries, thdr arrangement and 
sequence can be observed and thdr story deciphered. With 
Ids iiarnmer and maps the geologist in the field leads a healthy 
and esiliil;iraiing life. His powers nt observation become 
quickened, his love of Nature in ail her moods is deepenedj and 
the thrill of discovery is ever at hand. 
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Chapter II 


THU SHAPE AND SURFACE RELIEF OF THE 

EARTH 

The Outer Zones of the Earth 

A$ it present* itself lo direct experience, the earth can lx- 
physically described as a ball of rock (the lithosphere), partly 
covered by water (the hydrosphere) and wrapped in an en¬ 
velope of air (the atmosphere). To these three physical 
zones it is convenient to add a biological zone (the biosphere). 

The Atmosphere is the layer of gases und vapour wliich 
envelopes the earth. It it essentially a mixture of nitrogen 
and oxygen with smaller quantities of water vapour, carbon 
dioxide, and inert, gases such as argon. Geologically it is 
important as the medium of climate and weather, or wind, 
cloud, rain, and snow. 

The HjrdtaspHtTf includes all the natural waters of the outer 
earth. Oceans, seas, takes, anti rivers cover about three- 
quarters <>f the surlitre. But this is not all, Underground, for 
hundreds and even thousands of feet in some planes, the |wrc 
spare* and fissures of the rocks are also filled with w ater. This 
ground-water, as it h called, is tapped in springs and well*, 
and is sometimes encountered in disastrous quantities in mine*. 
Thus there is a somewhat irregular hut nearly continuous 
mantle of water around the earth, saturating the rocks, and 
over the enormous depressions of the ocean floor* completely 
submerging them, 11 it were uniformly distributed over the 
earth’s surface it would form an ocean about 0,000 feet in 
depth. 

1 hr Bmphtrf. the sphere of life, is probably a less familiar 
■:<nlceptmn. Blit think of the great forests and prairies with 
their countless swarms of animals and insects. Think of the 
tangles of seaweed, of the widespread banks of molluscs, Q f 
reeh of coral and shoals of 9shes. Add n. these die incon¬ 
ceivable numbers of bacteria and other microscopic plants and 
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animals, Myriads of these minute organisms arc present In. 
every ctihir inch of air and water and soil. Taken altogether, 
the diverse forms of life constitute an intricate and ever- 
changing network, clothing the surface with a tapestry that 
is nearly continuous. Even high snows and desert sands fail 
to interrupt it completely, and lav* fields fresh from the crams 
of volcanoes are quickly invaded by the prevsure of lift outside. 
Such is the sphere of life, and limit geologically and geo¬ 
graphically it b of nri Ic 1 -: importance titan the physical zones. 

The I.itfmfihwtr is the outer solid shell or crust of the earth. 
Il is made or rocks in great variety, and on the lands it is 
comtnonly covered by a blanket of soil or other loose deposits, 
such as desert sands. The depth to which the lithosphere 
extends downwards is a matter of i Icliuiliun : it depends mt 
our conception of the crust and of what lie* beneath, h is 
usual to regard die crust as a heterogeneous shell, possibly 
about 3(1 mile* lliick, in which the nirb at any given level are 
not everywhere die same. Beneath the crust, in what may he 
called the su&ttratum, the material at any given level appears 
to be practically uniform, ai least in those physical properties 
that can be tested. Some authors use the term “ lithosphere " 
to include both crust and substratum. 

The dominant rocks occurring in the enut full into two 
contrasted groups: 

(a) Light rocks, includinggranite and related types, having 
an average specific gravity or density * of about *t*7. Chemi¬ 
cally them rocks arc very rich In lilies, while alumina is the 
most abundant of the remaining constituents. Since it is 
often desirable to refer to them as a whole, such rocks are 
collectively known by the mnemonic term sioL 

(b) Dark and heavy rocks, including basalt and related 
type- (density aboui 2*P-,>0) mid still heavier rocks (ranging 
in density up to about 3* l i. In these nltca (49-50 per rent,} 


• 11* gf a >U bu„ 1Be = 

1 mM * ® mn Volume (if vfilcr 

l"hc rfifftjpff of a iuIhUilcf h Um until unit Vr-limr fif the wLstaurr, ^rrrmjlh 1 
(hr msm bi gnmt of otic cubr mitimcffr. Sim* 1 ex. uTwjtrr fui 
a rnius of 1 guir, lire of wA Eft it L iti £ £ j. . uiiJ Li vphaAc gmva ly nod tkiwi fy 

ftfr numjtnAmlty die aaiur. 
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is mill the leading constituent, though it ls much leu abundant 
titan in granite (TO per cent.). In the heavier rocki of this 
gniup nwgncsia lakes second place, !Uid the whole group is 
conveniently known sis lima. When it is necessary to make 
ihe distinction, the basaltic rocks are sometimes referred to as 
taltima. The sial is the dominant material of the continental 
crust down t<i a depth of several miles, while the sima forms 
die foundations of the ocean floor and exit neb beneath the 
continents. Sample* of the rim a. represented by basaltic 
lavas, are brought to the surface by many continental and 
oceanic volcanoes. 


QtumttUm and Ocean Floors 


Tlie surface of the crust reaches very different levels in 
different places. The areas of land and sea floor between 
successive levels have been .slimmed, and the results van be 



I'm. 2 

Ity^raphir lowing tlttdnruof jbe (*nbS *i]k] mr&Ct tri'*™ (ua& 

" VI lcvrh fnj «‘ tor h%)«t tromitwn liriil t u (hr drrpr.; orriTiir d<x,* 


graphically represented as shown in Fig. 3. From this diagram 
it is dear thin there ;irc tvto dominant levels : Lhc apjuninirai 
platform and the oceanic or deep-sea platform, The sinew 
connecting them, which is actually quite gentle, is called the 
continmtal slope, 

io 
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The continental platform includes a submerged, outer 
border, known as the cvnlintnia! shelf, which extends beyond 
the shore zone 10 an average depth of about 100 fathoms or 
2W metres* Struct u rally, the real ocean basins must be 


SOME NUMERICAL FACTS ABOUT THE EARTH 


Size 

Equatorial diameter of the earth 
Polar diameter of the earth . 
Equatorial circumference 
Polar circumference 


Km, 

12,7.17 1,936-7 

12.711 7,300*1) 

10,0*7 24,903 

10,000 24,S«» 


Area 

Area of the sea floor (70-7S prr 

cent.i. 

Area of the lauds (29-22 pet Cent.) 
Total area of the earth . 


\UHims <tf 

JiV- $q„ miltf 

. 301 139*4 

- 14!) 57-5 

. 510 196*9 


Volume, Dejcutv, a*uj Mass 

Mitlie ri ef 

Cir. juq. Cu . miln 

Volume of the c.^rth . . 1,063,00" 353,600 

Density of the rardi . 5 7,27 

Mass of the earth . 5,876 million million million torn 


Ki utj 


Mrttn 

Greatest known bdgln : 

Ml. EverrsL , 8,040 

Average height t>r the 

land . 83 5 

Mrjri Irvel of the sur¬ 
face (laud and sea; 250 
Mean Icvd of the mho- 

iphcre * * . 2J50 

Average depth of the *ea JMS0& 
Greatcft known depth : 

Swire Deep . 10,000 


F*a 

*1V I 11 above sea kvd 
1*707 „ 

» 

TjOhl ho low sea level 
12,440 ,, 

34,430 „ 
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regarded as commencing, not at the visible shoreline, but at 
the edge < -T the shelf. The basins, however, are to ore (h -' t i 
full, And the overflow of sea water inundates abouL U million 
square miles of the continental platform. The North Sea, 
the Baltic, and Hudson Hay arc examples or shallow seas 
(epicontinental or shelf seas) which lie on the continental 
shelf. It is or interest to notice that during the h e Age, when 
enormous quantities of water were abstracted from the oceans 
to form the great ice sheets that then lay over Europe and 
North America, tutirh of the continental shelf must have been 
hind. Conversely, if the ice now' covering Antarctica and 
Greenland were to melt away, the sea level would rise and the 
continents would be still further submerged. 

The continents themselves have a varied relief of plain-, 
plateau?, and mountain ranges, the lasL riling to a maximum 
height of ± 9t H0 feet (Ml. Everest). The ocean flonn, except 
locally, are less vigorously diversified than the continents, hut 
islands and submarine ridges and plateaus rise from their 
normally monotonous surfaces, and basin* anti deeps sink to 
more than average depths. Tile deepest sounding so far made 
is 3M3{J fret (Swire Deep, off the Philippines). Fig, 2 might 
uiggett that the greatest deeps are furthest a wav from the 
lands, bin such is not ihc case. The deeps Ue dose in to the 
continental edge, and along (he Asiatic side of the Pacific they 
are particularly strongly developed. 

From the figures given above it is dear that die total 
vertical range of the surface uf the Jiihosphen: is just over 
12 miles. To grasp the true relation between the surface 
relief and the earth itself, draw a circle with a radius of 2 inches 
A moderately thin pencil line has a thickness of about 1 • i«K) 
inch. If a indies represents 4,000 miles, then the thickne* of 
the outline of the Circle represents 20 miles. On this scale t j, c 
relief is : il| contained wdl within the thickness of a p^nrtl 


Nevcrlhelrtj, the relief is very great by human standards, 

2?_Sf 14 k Uiat thrrc differences 

of lev el. I he earth might very well have been :t sntom !, globe 

wi<h a uniform oceanic cover, just how it comes about dial 
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continan.il land lltcas exist at aJf is stilt an unsolved problrm. 
Hul there is ru> mystery in. the Fact that the continents stand 
up like platforms above die ocean floor, like sliips riding 
light, the continents protrude just because ilieir rocks fatal], 
are light compared with tin heavier rocks (sima) which 
underlie the ocean floor. In die -ame way. mountain ranga 
stand high above the continental pltuforcn* because the sialic 
mcks beneath them go dntvii to correspondingly greater 
depths. High mountains have deep “ roots 31 (see Fig, 4). 
To tiuclmiaiui how these curious fact* came to be ascertained, 
it b convenient to begin by considering the eM'ecLf of gravitation 
and rotation on the shape of the earth. 


The Shape or the Earth 

The first voyage around the world, begun at Seville by 
Magellan in 1,110 and com file led at Seville by del Cano in 
I5S2. established beyond dispute dial the earth is a globe. 
To-day. avia bits could fly round the earth in any direction in 
a iru days. Elm long ago the nearly spherical form of the 
rarth hail bam intern'd tram a variety r, f observadow, t.g. 
die circular boundary of the earth’s shadow on the moon 
during an eclipse. and the circularity of the horizon, wherever 
observed, combined with die fact that its distance * Increases 
with the attitude of the observer. 

The reason Ibr the spherical shape of ihe earth became 
dear when Newton discovered the law- of gravitation. Ail the 
particle* cf ihe earth arr pulled towards the centre of gravity 
and the spherical dupe is ihr nil t Lira I response to the maximum 
possible Concent rat ion. Even if a body the size of the earth 
were stronger than sted, it could not maintain a shape such 
as, let us say, that of a cube. Ihr pressure exerted by 
the weight of the edge* and corners would squeeze out 
material in depth. Equilibrium would be readied only when 

* The tliiUncr Ilf die horiinn hi mile* M gtwil stay ctu*dy by Ihe rimpli- 
U|HmIn« V^H 2. wlietT ft ii llif altitude nf llnr rye in fcrt. Trran an ormpljinp 
m a hetfhc ( .f iujum tret, ha-csjunple. the a vim* cjh *■.* jiUiv-s I7| uuUa nv-av, 
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tl« Jarre- had bulged out, and the edge* and comers had sunk 
in, until every part of the surface w*i equidistant from the 
centre. 

The earth h nrii exactly ’spherical, however. Again it was 
Newton who first showed that, because of the earth’s daily 
rotation, its mutter is sifTcctcti not only by inward gravitation, 
Inti also by an outward centrifugal force, which reaches its 
maximum at the equator. He deduced that there should be 
an equatorial bulge, where the apparent value of gravity was 
reduced, and a complementary polar flattening, where the 
centrifugal force becomes vanishingly small. Clearly, if this 
were so, the length of a degree of latitude across the equator 
would be dinner than in ihr far north, Expeditions were 
despatched to Peru in I73ii anti to Lapland in 1736 to test 
tlm idea, and Nc whin’s driliicth m was confirmed. If the 
surface of die earth were everywhere at sea level its shape 
w. old vli-arly .ippmximatr to that of an ellipsoid of rotation 
(or spheroid with a polar diameter ot 7,900 miles, nearly 
37 miles shorter than the equatorial diameter. 

How is it. then, that the earth is not exactly a spheroid? 
The reason b di.u the crustal rocks are not everywhere of the 
same density. Since Lhc equatorial hedge is a consequence of 
the relatively U>w value of gravity abound the equatorial zone, 
it follows that there should be bulges in other placet where 
gravity is relatively low ; Unit is to say, wherever the outer 
part of thr crust is composed of light sialic rocks, Such places 
are the continents. On the oilier hand, wherever the outer 
part of the crust b composed of heavy rocks (dma) the surface 
should Ik correspondingly depressed. Such regions are the 
ocean basins. 

The earth is in gravitational equilibrium. If there were 
no rotation and no lateral differences in the density of lire 
rocks, the earth would be a sphere. As a result of rotation 
il Incomes a spheroid. As a further result of density differences 
in the crustaj racks, continents, mountain ranges, and oceanic 
bx'dn^ vecut its irregularities supaiXDpostd upon tfit surface 
of the spheroid. 
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bosTAir 

For ihe ideal condition of gravitational equilibrium that 
controls the heights of continents and ocean floors, in accord¬ 
ance with the densities of their underlying rocks, the term 
itostfis? {Or. isostarios, “in equipoise”) was proposed bv 
Dutton, an American geologist, in iflSO. The idea may be 
grasped by thinking of a series of wooden blocks of different 
heights floating in water (Fig, 31, The blocks emerge by 
amounts which are proportional to their respective heights ; 
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Woodm bU^b of iiiftercm Iwtghu tingling m tain thdwn tn 

(hint eu affection, through the tank , is ilknuat? iiw- 

bosUtlif bn lance btfVrrrn uljuccbt cdutnJn *4 the earths aim 

they arc said to bo in a state at hydrostatic balance- IsnsUsy 
n the cormponding state of balance which exists between 
extensive blocks of the earths crust* which rise to different 
levels ami appear at the surface as mountain ranges, wide- 
spread plateau** or plains. The idea implies that there b a 
certain m minium level below die surface, where the pressure 
due to the weight uf die material in each unit column of the 
crust is every where the same. Tliis mjmtk (uniform pressure) 
level may In: regarded ;ts the base of the rrtiM or lithosphere. 
The earth’s major relief is ^-aivl to be ttimprnsatid by the differ¬ 
ence-- of density within the crust i and the level where the 
compensation h complete, t*r* the isopiesric level, is often 
referred to as die imt of tampnisattcn* Naturally, individual 
peaks and valleys arc not separately balanced in ibis way ; 
the minor relief features of the surface are easily maintained 
by die strength of the crustal rocks. As pomied nut on p, 33 
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perfect isostaTv is rarely attained, though there is generally a 
remarkably close approach. 

If a mountain range were simply a protuberance of rock 
resting on the continental platform anti wholly supported by 
the strength oT die luuriduiirn, thru a plumb line—such as is 
used for levelling surveying instruments—would be deflected 
from the true vertical by an amount proportional to the 
gravitational attraction nf the mass of the mountain range. 
The first him that mountains arc not merely masses stuck on 



mountain 
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tens/fy; 


Pfn r I 

DbiTTimiiiudJi tnciimit thr-r^i ihf evnfr** muf iUiwtote the rdniiomhjp 
bcrwctii ai-Eifmer Feastem ainl ihr- prntahlr rJjjtmbcitjtiii of eLaI arul nJw In dergnj], 
fin IffT^Vsty drfmniaatfcnt and nq»l«alkti vf list crw-ii^l fjiven hy culh* 
quake vrnm 


the crust was provided by the Peru expedition of) 730, Bougucr 
found that the deflection of the plumb line by die Andes was 
surprisingly small, and he expressed Ids suspicion that the 
gravitational attraction of the Andes ,4 is much smaller than 
that to be expected from die mass represented by these moun¬ 
tains*" Similar discrepancies were met with during die survey 
of the Indian lowlands south or the Himalayas. The attraction 
of the enormous mass ofTibet and the Himalayas was estimated 
to be sufficient 10 deflect the plumb line by at least 1 u seconds 
or arc, but tile real deflection found by Everest was only 
f> seconds of arc. Even more remarkable was flic observation 
that along the south coast of the Bay of Biscay the plumb line 
was actually tidier ted towards the Bay instead of towards die 
Pyrenees. 

(6 







EMfllJtmmOK or LA\T> AJfD SEA 

Only dne physical explanation of these discrepancies is 
Available. [ here mim be a dcficir.ncv of im.^. in die crustal 
columns underlying the visible mountain ranges, U, the density 
ol the rock? must be relatively low down to considerable depths. 
The possible density distribution- ,»rc t of course, infinite. 
Fortunately, we know something of the rocks will tin the crust 
and cun say what the probable densities ate. Moreover, earth¬ 
quake waves can be used to explore the depths see page 
871), mid evidence from this source indicates that mountain 
ranges have sialic roots going down to depths of 40 km. or 
more ; that under plains near sea level the thickness of the 
sial is only JO or 12 km, ; and that beneath the ocean floor 
tlie sial is cither absent or quite Uiiu Fig. t illustrates an 
approximation to the structure uf Uie crust in rdnrittn to tin* 
surface relief 


The DisTkiBirnoN op Land and Sea 

Certain peculiarities in the dittributinn of land anti sea 
have amused dmciisriun ever since the main features of the 
earth's surface were discovered. 

1. The marked concentration of land in the northern hemi¬ 
sphere and of water in the outlicm, combined with a reversal 
of this contrast in the polar regions. 

2. The occurrence or SI per cent, of all the land in the 
“ land hemisphere,'' whi*. h htif its pole in Brittany and in¬ 
cludes North America, Europe, Asia, and Africa and more than 
hall of South America ; and the predominance of water in 
the corresponding water hemisphere," which has its pole 
near New Zealand. Hie following figures bring out these 
differences : 


“Land hemisphere" . 

Pmoitm 
uf (ami 

. *9 

Northern hemisphere , 

. . 39 

Whole earth . , 

. , 29 

Southern hemisphere . 

. - 1ft 

“Water hemisphere 1 ’. 

. 9 

*7 




THE SHAPE ANl) SURFACE RELIEF OF THE EARTH 


3. The si lUthcriy extension of the three continental blocks 
of South America, Alika, and Australia, 

4. ’Hie antipodal relation between Lind and sea. 14 6 per 
cmt. of die surface Juu sea opposite sea, but only 1*4 per cenL 
has land opposite land, 95 per cent, of the laird is antipodal 
to tea. 

i he so-called Tetrahedral hypothesis — now abandoned — 
was an ingenious attempt to “explain” points 1, 3, and 4, 
A tetrahedron is a three-dimensional figure hounded by four 
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equilateral triangular faces, like a three sided pyramid with 
a triangular base. -Since, for a given surface area, a sphere is 
the regular figure with the greatest volume, while the tetra¬ 
hedron is the regular figure with the tmailest volume, it wits 
thought that a contrat Ling globe would lend to shrink towards 
a tetrahedral form. I hu.i, regarding the earth as a contracting 
globe, the ocean depressions would—ori this view—be t>ro- 
duced by an irregular collapse of the crust on a shrinking 
interior ; the fctrific, Indian, Atlantic, and Arctic oceans 
corresponding to the four tetrahedral faces, while the conti¬ 
nent 4 would be left as the elevated regions containing the 
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edges and corners (Fig, 5 ). It is true that the present-day 
pattern oi'Iantl and sta is crude I y simulated by a “ tetrahedron" 
mourned on an apex representing the South Pole, though it 
should be noticed that the tetrahedron has to Jmvc one face— 
corresponding to the Pacific—very much larger titan the others, 
A fatal objection to die letiahcdral hypothesis is that an 
earth with a homogeneous crust could never have contracted 
towards a tetrahedral form, the reason being that any approach 
to a tetrahedron in a body with the mass of the earth would b« 
gravitationally unstable and inconsistent with isostasy. The 
weight of the irpstanding edges and corners (if they ever de¬ 
veloped} would be so great that (hey would sink in again 
until the stable form of a globe was restored. A very small 
globe could contract to a form resembling a tetrahedron ; an 
enormous one. like the earth, could not. 

Now we Have already seen that tile totitiiiems arc e^rniially 
rsfb of light dal, surrounded by ocean floors of heavy si ma¬ 
ll is for dus reason ihat the comments stand High above the 
Ocean floors. But mere collapse of the crust on a shrinking 
interior could not possibly have changed die chemical and 
mineral composition of the crust so that the rocks of the 
tetrahedral edges and comers became light enough to Continue 
to stand up, or those of the faces so heavy dial they would stay 
depressed. Thus we sec that contraction could not account 
for the distribution of die continent* wiihoui also accounting 
for die distribution of the dal, and this it cannot do. 

Our problem is thus carried a -cage further hack, to Uun 
or die rails of dal ihat constitute the continents. The material 
of the rial may be regarded as a kind of light slag which 
accumulated at the surface during the earth's consolidation 
from a molten state. We should expect it to have accumu¬ 
lated uniformly, so that it would everywhere form the upper 
foyer of the crust. Where, then, is die sialic material that 
is missing from the Ocean floors ? Obviously, it must be 
either in the earth or outride the earth, and speculative answers 
have been bawl on r.u li of thi^c alternatives,. 

If part of the rial was removed from the earth, the moon 
is the most probable place to look ibr it. I’iic moon probably 
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separated Fn'irn the earth .u a very curly stage in the history 
of our planet. If a dal shell had already formed beibre the 
moon was horn, much ot it must have been carried away 
when die grow rupture occurred. Long ago it was suggested 
that the vast Pacific basin might. Ire a relic of the scar that was 
left behind, amt it has since been discovered that lids is by 
far the greatest of the regions from which a cover of rial is 
lacking. This hypothesis is an attractive «n<\ but unfortun- 
ately it has to meet the great difficulty that the moon could 
only leave separated while the parent plane! was still in a 
ntullen state, i'. Indore there could have been a sial shell. 
Jl> the timr ihc rial had formed the interior would almost 
certainly have become too still" for separation of the moon to 
be mechanically possible. 

If the missing sial is still in the crust, it must be eoncr.nl rated 


ftn. ft 

Ctebtrl&Kl f^iTTT-nli in a 

\AY£t uf Uquid ijuiifbrmly 
Iraied from bdtnv 


•n I lie continental rails. A due as to how such a conceit l ration 
might l>e brought about is provided by observing the bHmviiur 
ufthe light scum on the surface ni jam which is gently hniSing, 
I Ijh heat from below keep the jam slowly circulating l lag, 6}, 
,\ hut i urcetil ascends near the middle, and turning along at 
the surface, it sweeps the scum to the edges, where the current 
descends. The scum is ton light to be carried down, and so 
it accumulates until it is skimmed off. When the earth was 
molten tt would cool by means of similar circulations, Con¬ 
vection currents would rise in certain places, spread out 
horizontally, and then turn down again, Thm- arc reasons, 
as we shall see in later chapters, for suspecting that a suh- 
crustal circulation may still be going on within the earth, though 
now at an excessively slow rate. However, when the circula¬ 
tion was vigorous, the horizontal currents spreading out from 
each ascending current may have swept certain regions clear 
ul sial. These would become ocean basins. Where Lbe 
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horizontal currents of one converting system met those of 
a neighbouring system they would be obliged to turn down* 
and the light slal would Lhtis become concentrated in ihe 
region* overlying the descending currents. These region* 
would become continents. The Hf convection current %f hypo* 
thi -i U piamible, but as yet it is no mare chan an intelligent 
gut- ■ The origin of the continents. remains an unsolved 
geological problem. 
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Chapter TIT 

THE CHANGING I ACE OF THE EARTH 

Weathering, Erosion, anj> Denudation 

Tnr. circulations of matter tliai are continually going mi in 
tin* zones ol air anri water, Mini even of life, constitute a very 
complicated rncchamsm which is maintained, rwcmmfly, by 
the I teat hum tin* sun, A familiar example of such a circula¬ 
tion K that "I tin: whirls. AiKitltrr, more complex, is the 
em ulation oT water. Heat from the sun lifts water vapour 
rtom the surface of oceans, seas, hikes, and rivers, and wind 
(J Mnlnites the vapour fiu* and wide through the lower levels 
ui ' the atmosphere. Clouds arc formed, rain and snow are 
precipitated, and on the land these father into rivers anti 
gbarre. Finely, most of the water U returned to the 
oceanic and other reservoirs from whieii it came (Fig. 7). 
These circulations arc responsible for an important croup 
ol ecological processes, Ibr tf |r agents involved-wind, rain, 
jja era, and glaciers — act On the land by breaking up the rocks 
and so prodih ing rock-waste which is gradually carried awav 
Part of every shower of min sinks into the soi I and promotes 
the work of decay by solution and by* loosening the particles. 
Every ftoM ifuittm the rocks with its expanding wettem of 
Ire^mg water [Plate 4a). I ife also cooperates in the work G f 
dvtrvcbm. The roots of trees grow down hue. crocks and 
assist ... splitting up the rocks (Plate 46). Worms and other 
burrowing animals bring up the finer particles of soil to (he 
surticc. where they- fall a ready prey m wind and rain. The 

f Jlt “ a P ,mc w hirh much of tj lc rock-wastc of the 

l.mtb must pass iK-fore it i- ultimately removed. Tin pro- 
duiitioji oF roi k-wisic by these various Agents, partly by 
nu < hitriica] breaking and partly by soltidnii and chendtal 
decay, is deirnhed as wrtjfhntng. 

f«mfTk UT W t ial "r ‘J? r prodLlcti nf weathering arc removed 
from thrar place of fbmstUm. Blowing over the lands the 


amcui^vTioN of natvrai. waters 



Fia. 7 

i be cfaliklinri -sf ihrUtorit wall*. Fan of rhf vmttT wbic-li Mcrndi from lh^ 
fry Wft\ of ftiltinMCi Ttarbn ll vr. ujtLut fotf tin- Grit time fc well w 4 <rf 
ja f-^iriV w aErT r-P driUiwiEiili ir fr >m iJvif imr,Virpir mfaf nlrradv pH-teni 

ill tile byciwiphrx* jbiilI 4TintBphm 

tiindi pit k up dust anti sand and carry them far and wide. 
Glaciers grind down the rocks over which they pass during 
their slow descent from icc-fkhls and high mountain valleys. 
Rmnwnsh and landslips fred the livers with fragments, large 
and small, and these are not only carried away, hut arc used 
by the rivers as loots to excavate their floor* and sides. And 
in addition to their visible burden of mud and sand, the river 
waters carry an invisible load of dissolved material, extracted 
from rock* and soils by the solvent action of rain and soil 
water, and by that of the river water itself. Winds, riv ers, and 
glaring the agents that carry away the products of rock* 
Waste, arc known as transporting; agents. All the destructive 
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THE GHANGJNfi i.\CE OF THE EARTH 

processes due to the rffrcti nf the transporting agents are 
described as msim (L. endrTt i to gnaw away). 

It is convenient to regard weathering as rock decay by 
agents involving little or no transport of the resulting products, 
and erosion as land destruction by agents which simultaneously 
remove the debris, Both sets of processes co-operate in wearing 
away the land surface, and their combined effects are de¬ 
scribed by the term dtnudatton f L, dsnudo, I make bare). 


De position of Sediment 

The sediment carried away by the transporting agents is 
sooner or later dcjHidted again. Sand blown by the wind 
collects into stand dunes along the seashore or in the desert 
f Plate 5 a). Where glaciers melt away, the debris gathered up 
during their journey is dum|>cd down anyhow (Plate r,jn. 
to be dealt with later by rivers or the sea. When a stream 
enters a lake the concu r is decked mid the load of sand and 
mud gradually settles to the bottom. Downstream in the open 
valfcy sand ami mud art spread over the alluvial flats during 
floods, while the main stream continues, by way of estuary 
or delta, to sweep the bulk of the material into the sea. Storm 
waves thundering against mcky coasts provide still more rock, 
waste, and the whole supply is sorted om and widely distributed 
by waves and current Smooth and rounded water-won, 
boiiJders collect beneath the cliffs. Sandy beaches accumulate 
m quiet bays. Out on tlte sea iloor the finer particles are 
deposited as broad fringes of sediment, the finest material of 
ci ng swept far across the continental shrives, and even 
over the edge towards the deeper ocean floor, before it finalh 
comes to rest. All these deposits are examples of sedimenuuv 
rocks in the making. 7 

We have still to trace what happens to the invisible load 
ol dissolved mineral matter that is removed from the land by 
nveis. Some livers flow into Jakes that have nn outlet save bv 

2T*“S 'T ,hc ai f Lhcta - ^ *uch 

iakts rapidly become salt because, as the famous astronomer 
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Fcrmiiml And laJ^taJ fur^iiEnjcs tkpi^sini by ihc Qluaiia UUcier T .\l*ri 


DENUDATION AND DEPOSITION 


Halley realised more than two centuries ago, “ ihc saline 
particles brought in by the riven remain behind, while the 
liesli evaporate.” Gradually the Jafcr waters become saturated 
and rock salt and other inline deposits, like those on the shorn 
and floor of thn Dead Sea, are precipitated. Must rivers, 
Imwe.vrr, reach the sea and pour into it the greater part of 
lilt material dissolved from the land. So, as Halley pointed 
out. “ the ocean itscll is become sab from the same cause.” 
But white, on balance, the salinity of the sea is slowly increasing, 
much of the mineral matter contributed to the sea is taken 
out again by living organisms. Cockles and mussels, sea- 
urchin* and corals, anti many other sea creatures, make sheik 
for themselves out of calcium carbonate abstracted from the 
water in which they live. When the creatures die, most of 
their soft part. 1 , are eaten and i he rest decays. But their hard 
parts remain, and these accumulate as the shell bunks of 
shallow seas, the coral reefs of tropical coasts anti island.-,, ami 
the grey globigerina QpJEc of the deep-sen floor. All of these 
ore limestones in the making. Life, as a builder of organic 
sediments, is u geological agent of first importance. 


The IviPOKi AMT or Time 

Ii will now In- realized that while the higher regions of the 
earth’s crust are constantly wasting away, the lower levels are 
just ;is steadily being built up, Evidently denudation and 
deposition arc great levelling processes. In the course of a 
single lifetime their effects may not be everywhere perceptible. 
Nevertheless they are not too slow- to be measured. About 
hair an inch has already been worn from the outer surface of 
the Portland stone with which St. Paul'v Cathedral was built 
two centuries ago, Britain as a whole U wasting away rather 
faster—at an average rale of about one foot in three nr four 
thousand years, At this rate a million years would suffice to 
reduce the varied landscape? of our country to a monotonous 
plain. Evidently slowly acting causes arc competent to produce 
enormous changes if only they continue to operate through 
sufficiently long periods. 


THE CHAmVtG FACTE OF THE EA RTH 

Now, geologically speaking a million yeans is a com- 
para lively short rime, just as a million miles is a short distance 
from an astronomical point of view. One of ihe modem 
triumplis of geology and physic? it the demonstration that the 
age of the earth can mil be much levs than 2,0<Hi million yrar? 
(p. loft), On logical processes act very sluwl), but geological 
time is inconceivably long, Thr effects of slow processes 
acting for kmg perinds have been fully adequate to account 
for ail the successive transformations of landscape that the 
earth has witnessed, 


Ear tit Movements 

It follow? that there ha* been ample time, since land and 
sea came into existence, for Britain, and indeed tor (he highest 
fond areas, to have tsben worn down to »ea level over and over 
again. How then does jt happen that every continent still 
has its highlands and mountain peak* ? The special creation 
theory, immtmoJistfd in the words : 

" When Britain rioi nt Heaven's command 
At mw Eftim mrt thv Aititc ittam/* 

« urn very helpful, yet it docs suggest a possible answer. The 
lands, togethe r with adjoining pans of the sea floor, may have 
been uplifted trnui time to time. Alternatively, thr level uf the 
sea may have (alien, leaving die bud relatively upraised. In 
cither case there would again lie land well above the sea, and 
on its surface die agents of denudation would begin afresh 
thdr work of sculpturing the bud into hills and valleys. An 
additional factor is die building of new bud—like the volcanic 
tibnds that rite from oceanic depths—by the accumulated 
products itl volcanic eruptions. Each of these processes of 
land renewal has repeatedly operated in the course of die 
earth’s long history, but it is the first—the movement of thr 
mist itself—which has most commonly and most effectively 
rejuvenated I hr lands ,uid compensated for their recurrent 
wastage. 

Relative movements between land .md *ea arc convincingly 
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EARTH MOVEMENTS 


proved by rise presence in Iduy and Jura, and in many other 
place*, A typical sen beaches, now raised far above tht reach 
of ttic waves Plate- ti,L Hcliind three r*ii<rd I scar hr llie I'orrcs- 
pondlng eUffc, often tunnelled with sea cave*, arc still preserved* , 
[pi Scandinavia and Peru old ftrancl lines < an be: traced which 
me from near sea Icvd in the south to Jieights of hundred? 
of feet in the north* Such tilting of the shores shows that the 
movements invoke actual upheaval of die com and hoc 
merely withdrawal of the sea. The former uplift of old lea 
Doors tan be recognized in the iV nnm r^ where the grey 
Hmre tones contain fossil 4i dls and comb that bear si Jem 
witness tu die fan ihai the meb forming the hills of northern 
England mice lay under die -ic j. The most ^prciuicular example 
of uplift is provided by Mount Everest, die summit «f winch 
is carved -rut of sediments that were originally deposited on 
[he sea flour of a former age. 

When earth movements take place suddenly they are 
recognized by die passage of earthquake waves. In certain 
restless belts of the crush for example in Japan, there may Ire 
several shocks every dav T occasionally with terribly dbasit^m 
consequences, Except ion ally, as in Alaska, upward j nb of 
more than forty feet have been observed* but usually dir 
movements arc on a smaller scale- 

If crustal movements were all vertical, then uplifted btxfs 
of sediment from the sea floor would generally be found lying 
in nearly horizontal positions. So, indeed p they often arc, 
but in many places they have been corrugated and buckled 
into fold? (Plate 7) in much the same way as a tablecloth 
wrinkles up when St is prnlicd along the table* The layers 
of met seen in dir dills and on die rocky foreshores af parts 
of Devon and Bervritkihire have hero folded tightly together, 
like the pleats of a dosed concertina. If ihr tabled ruh is 
pushed along still further after a fold has appeared, the fold 
will gradually turn over and overlap the flu pari that b being 
pushed along. So aLso it; the rock*. In many an Alpine pre¬ 
cipice green sbms of rock arc visibly “ ovrrfbldcd %s in just 
the same way* 50 that parts of them now He upside down (see 
Plate M)* 
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THE CHANCING FACE OF THE EARTH 

Such amazing structures as, these show that certain part? 
of the earth's crust have yielded to horizontal compressive 
fames of unimaginable intensity. All die great mountain 
ranges of the world are carved out of rocks th.it have Iteen 
Toltird and crumpled and overthrmt. Long belts of the mis; 
have herii so squeezed and thickened that they had no alter¬ 
native hut to rise to moumaiturns heights. 

I he crustal movements have not always and everywhere 
been upwards. That parts of the land surface have recently 
abided is prosed by the local occurrence around our shores 
of submerged forests uncovered only at the lowest tides, hut 
there seems never to have been a time when .ill die lands wrre 
submerged at once, Earth movements and volcanic additions 
to the surface have evidently been fully competent to restore 
the balance of land and sea whenever that balance has been 
threatened by the levelling processes of denudation. Most of 
the sediments originally deposited on the shallow sea floor, 
w in r times hardened and cemented into firm and durable 
rocks, sometimes bent and twisted into intricate folds, some¬ 
times accompanied by lavas and volcanic ashes, have sooner 
or later been uphraved to form new' lauds. 


Volcanic and Igneous Acnvrrv 

Earth movements are not the only manifestations of die 
earth s internal activities. Volcanic eruptions provide a most 
spectacular proof that the earth's interior is so hot that locally 
cw-n dir crustal rocb pass into a molten state. A volcano i>i 
essentially a rift or vent through which magma imullcn rock 
m itrnaf highly charged with gases, from the drplhv is erupted 
at the surface as flows of lava or as explosive clouds of gases 
and volcanic ashes. Magma may reach the surface through 
long fissures, from which lavas spread over the surrounding 
country, filling up the valleys and forming widespread volcanic 
pbum or plateau:'. In the more hmiliar volcanoes die magma 
a-' ends through a ecu I rut pipe, around which the lavas and 
ashes accumulate to form a more or less conical volcanic 

ftS 



IGNEOUS ACTIVITY 



Ifei i'A-tef Ltd, 

frir*. 5 

Dstimodr; * iargt gnmiit IfitnnloA !m w nqx*cd Itr dmudutinn and emrTnJ 
iiitAY u l.iiMb^jpc uf hitli jtifcS v hIW v 


mountain* Thus volcanic activity b a constructive process 
whereby new material* art Ijroughr to die surface, and new 
topograpitc forms buili up. 

Vulcanic activity i- only the iinftrc mamfe-Marfat! of the 
movement ihmugh the earth's crust of magma generated in 
thr wibsiratum or in exccptimialJy heated regions of the trust 
itself. The new rocks formed in the crust from magma that 
failed to reach the surface are called intrusirt rocks, io distinguish 
them from lavas, which are culled volcanic nr rocks. 

In many places intrusive rocks arc exposed to observation. as 
on Dartmoor* os a muh of the removal of I he original cover 
by denudation (Fig + H . All rocks which owe thdr origin to 
the solidification of magmas in depth {Intrusive nicks) or of 
lavui at the surface (ottradvc rocks) are described as igrmtu 
rocks (L* ignis, fire)- This definition of igneous rocka b* liow- 
ever, not cjubr complete sec page B7). 


TUB QUAJftmiO FACE OF THE EARTH 


Metaiioxpuu of Rocks 

When ennuiJ reek* come under die influence of (a) the 
irttenac pressure «r irw .ununpanyiug severe earth move* 
nn-ui'v; -h) (hr increased tempera Hire associated with igneous 
miivtiy; or iVi chemically active gases and liquids front 
magmatic >oun i-, they respond by chances in structure and 
mineral composition, and so become imtufijnrsed into new 
t> pcs ol rocki. All such changes arc described a*, m,tmtmpimm, 
mid examples of them will be considered in ilie folio wing 
chapter. Here die term is introduced to draw attention to ihr 
fuel that redes respond to die euith’s internal activities not 
only by crumpling of by Fusion, hut also by recrystal I ization. 
Ii must be- care!nil;, noth rd ih.it rinnaiiiiirphisin is the very 
.uitithrsls of Weathering. Until prnecwe> bring about great 
■ lamp - in pre-cxisiing melts, hut weathering is destructive 
while mcuimoipliisni i» const native. Instead of reducing a 
pre-existing i ■ ■■ i; to ;■ decaying mass nf melt-waste and soil, 
mem morph ism brings about its transformation. often from a 
dull and tmirUr reiting*looking stone, into a crystalline rock of 
bright and shining minerals and attractive appearance. 


StMUtARY of the Geologicaj_ Processes 

It will now be dear from our rapid survey of the leading 
geological proLfsifs dui they kill into two ronirmtcti groups. 
The lint group del nidation and deposition—includes the 
processes which art on the crust at or very' near its surface, 
** a rf ; u ^ °f the movements and chemical activities of air, 
wain , ice. and living organisms. Such processes are essentially 
.d external ongin. The second group—earth movements, 
igneous activity anti met.uriurpiiUm— includes ihr processes 
whu li act within or through the crust, as a result of tli<~ physical 
and chemical activities <d the material of the substratum and 
of magmas formed in or pausing through the crust. Such 
pri>< esses arc essentially of internal origin! 
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Both groups of processes operate under the control of 
gravitation (including attractions due to die sun and moon), 
co-opera titu; with the earth's bodily movements—rotation 
about m axis and revolution around thrj sun, But if diew 
were all, the cor lids surface would sooa reach state of approxi¬ 
mate equilibrium from which v,, further rliunges of go >logical 

C1.ASS1FK ATIOX OF GEOLOGICAL PROCESSES 


L FaoensE* ot Extewiai, Omms 

1. Dtputfution i Weathering, Erosion, and Transport] 

Sculpturing of thr land tin-face and removal of the products 
or rock decay mrcliamcaJJy **»ti in solution 

3 . Utpi< i itimi 

of die debrh ir;uu]K>ricd i mrlwtiiicitUy 
stuid and mud} 

!fi) of the mat'trial* transported in solution ; 

(ij by evaporation and djeiiii<;;d precipitation 
{t.g. rodt salt; 

{») by thr iim-rvrnifnn of living organisms 

(* ,g. card 

(c) of organic matter, largely the remains of vernation 

(<Of feat) 

It. Phoclsses or IxTTFx.vf, Oricsx 

l- Earth Afar vtnntit including Earthquake*} 

Uplift and drpr' ssiui) of land .trea* and sea Boors ; and 
maun tain building by lateral lomprrxsion (folding and 
ovnxhrujtmg) of rocks 

2. Ig>mnu Attimtj 

The intrusion «f magma-; and dir extrusion of lavas .ind 
u Liter volcanic poxlui.u 

X AfetjHmxftkim 

Citf t ran ilhrma lion of pre-existing rocks into new types 
by the action »1 lie.it, pressure, airiest, and iltemi rally acuve 
migrating fluids. 
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THE CHANGING PAGE OF THE EARTH 

significance could develop. Kadi group of processes, to be 
kepi going, requires some additionnl source of energy. The 
processes of extern a] origin ate specifically maintained by the 
radiation of heat from l Ur* Min. Those of i menial origin arc 
similarly maintained by die liberation of heat from the stores 
of energy locked within the earth. 

1 1 1 rough mil the ages the face of the earth has been changing 
it* expression. At times its features have been Hat and mono¬ 
tonous. At others—is to-day—they have been bold and 
vigorous. lint in the long struggle for supremacy between 
the sun-bom forces or land destruction and the earth-born 
forces of land renewal, neither lias jurrmaneiilly gained the 
mastery. 


IsOSTAJSY ANIt GfcQLOOtCAt PROCESSES 

It will now' be realized liiat geological processes bring 
about changes that must inevitably upset the ideal state ol 
isostatic balance which gravitation tends ir> establish. When 
a mountain range is carved into peaks and valleys and gradually 
worn down by tin: jgeuts of denudation, the bad on the nnder- 
lumn t»r the crust « reduced by the weight of the rock- 
waste that hits been carried away. At the same time a neigh¬ 
bouring column, under lying a region of delta and sea floor 
where the rock-waste is being deposited, receives a corrts- 
jv> tiding increase of load. Unless a complementary transfer 
of material occurs in depth, the two columns cannot remain in 
isostark equilibrium. At the base of the crest the pressure 
exened by the loaded ■ oluntn Is increased, while that exerted 
by the unloaded column is decreased. In response to this 
pressure difference in the substratum a slow flowage of material 

ls * tl U P> » iU,wtR ««l »< *ig. The loaded column sinks 
and the unloaded one rises. This process, whereby isostasy 
is restored, w called iso&taiic r^adjsiJffnfisL 

Hie upper part of (he substratum consists of hot rock 
ma(rn.h which probably diflb* from die crystalline rocks 
seen at the surface by being much richer in gas«. Acting 
bkc mulecular ball-bearings, the gases facilitate flowage, but 
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ISOSTA OC RF-ADJUSmENT 

ticvcrthelcss the movement ii extremely sluggish, Miirwn r cr ( 
in some regions it appears that the substratum mat trial is not 
altogether devoid of strength, It (ben behaves as a plastic 
Substance (with a little strength) mllici than as a viscous 
$ubstancc {with no strength). In this case no flowage is pt^blc 
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untJJ i hr departure from iiosLisy- is sufficient to set up a pressure 
difference that can overcome ihc strength, 'flic region con¬ 
cerned will therefore remain slightly out of isostatk balaifctc. 
In practice, perfect isoslasy is rarely attained, though there is 
generally a remarkably dose approach. 

It may happen that certain processes disturb the pit- 
existing isosmtii balance much more rapidly than it can hr 
restored by deep-seated flowage in the substratum. For 
example, when (he lliiclc European and Vonfi American ite- 
sbeets begun to melt away (awards the end of the Ice Age, 
about -a, boil years ago, The e regions wen- quickly relieved of 
an immense load of ice. The resulting uplifts which (lieu 
began arc still actively in progress. Far above the shores 
of Finland and Scandinavia there arc raised beaches which 
ihow that a maximum uplift of nearly WOO feet has already 
occurred, and every twenty-right years another foot is added 
to tfir total all around the northern end of the Gulf of Bothnia. 
Hie region is still out of host, t lie balance, urn! it can he 
estimated dial it has still to foe another 7(K> feel or so, Indore 
equilibrium con be reached. 
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Tilt CHASCIN^ FACE OF FHE fcAHTH 

A common mhaimlr^tundim’ about bostasy is that it is 
responsible Fur earth movements of nil kinds. If mustj there¬ 
fore, be clearly realized that boslasy b only a state of balance ; 
it h not a three nr a geological a gem* U b I he disturbance of 
bgatassy by denudation and deposition, earth movements and 
igneous activity, that brings into play the gravitational forces 
that restore bosiajy. The ratoraiion involve* vertical move- 
mrots of the crust which arc additional to the earth mwo 
jncubi Lpmught about by llir independent acliyifio of the 
earths Interior. 


SUGGESTIONS FOR FURTHER READING 
Gh A* J* Cot.c 

77^ tfmngtful Eurth. Mariuiikn, London, jg& 5 , 

E. I\ Bketot r 

m Th.i Pulling Planft Bobb^ Merrill Co., I nd i n n; l pd b h c 
R. L. SHERLOCK 

Mwi m a imifoghtd At*tni. Widicrby, London, Hij j, 

A- H^LMEi 

Thr Agt iff shr Earth. Nelson and Sons, Edinburgh, rc^y* 




s 

if 



% 


34 


ClIAVlTR IV 

MATERIALS OF THE EARTH'S CRUST : MINERALS 
Elements asu Crystals 

Tits vast majority of rtmk* hit aggregate* of minerals. Of the 
remainder, some, like pumice, .ire made of volcanic glass, 
while others* like coal, are cum posed of the products of organic 
deray. All these ingmiicnh in turn are made of atoms of the 
chemical dement’!. Although ninety-four different dements 
arc now known, nine of these .ire so abundant that they 
make up mom than iHf per rent, of all die many ihoujuiirk of 
forks that have beet) analysed. Many of the Others, such us 
gold, tin, ami rapper, though extremely rare hi ordinary 
rocks, arc locally concentrated in ore dc [touts that can lie 
profitably worked. 


AVERAGE COMfOSTTION OF CRUSTAL ROEIKS 
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Some of the dements, e.g. gold, capper, sulphur, and 
carbon (as diamond and graphite), make minerals by them- 
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stiver, but most minerals nn compounds of two or more 
elements. Oxygen is by far dm mast abundant dement in 
rocks. In combination with other elements it forms com* 
pounds called oxides, sonar of which ocean; us mini i,ih. As 
silicon is the most abundant element after oxygen, it is not 
surprising tlurt silica, On- oxide of silicon, SiO,. should he the 
mast abundant oT all oxides. SUit a is familiar as quart/, a 
common mineral which i* specially characteristic uf granites, 
sandstones, and qUirti- veins. The formula, SiO t , is a simple 
way uf expressing the fat t dial for every atom 
of clictm in quarts there are two atoms of 
oxygen. Quart/- lias, therefore, a perfectly 
dcfmue composition. The formula! for 0tlier 
oxides and compounds of other types may Ire 
similarly interpreted. 

In l lie cavities of mineral veins quartz can 
l»r found as clear transparent prmnv each 
with six sides and each terminated by 4 
pyramid with six faces (Fig. in). The old 
Grtttka gave the name crystal (kmteUm, dear 
ire It) these beautiful forms, and to this day 
waici-dear quarts i$ still known as rock, 
crystal fig. 1 I). Most other minerals and a great variety of 
i hcniK ally prepared substances can also develop into -y m* 
metrical forms bounded by Hat faces, and all of these are now 
called (mtah. It is an, old joke in the world of crystallography 
that die beauty uf a crystal depends ott the planents* of ih 
faces. In recent years the study of crystals by means of X-ray* 
has revealed the fact that the symmetrical shape is simply the 
outward expression uf a perfectly organized internal struct tire. 
'] hr atoms of which a crystal is composed sire arranged in an 
orderly fashion, die tit fir rent kinds of atoms being built into 
u definite pattern which is repeated over and over again, as 
in die design of a wallpaper, except that in crystals die design 
L* in three dimension*. 

Ever*' crystalline chemical compound lias a characteristic 
unit-pattern, and as the different kinds of atoms arc present 
in definite proportion;, it follows that the crystals of any given 
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compound have a definite and consume coinpositni It 
some limes liappcns, however, lliat two (or more) related 
compounds may have the same atomic pattern : tlicy are 
llien saiil to be isamarpk&ui* In tsmnuiphnu^ compounds the 
atoms of i i s lain related elements are inten hangeablr in the 
crystal edifice, just m bricks of different cdourc can be built 
into a WttB without altering either the structure of the wall 
or Us outward shape. In <f mixed S1 crystals of this kind die 
composition is therefore not constant, but range* tat ween 
certain definite limit*. 

til ui>Ji*crtstd]ine, or amrf*kout % substance* the atoms are 
arranged haphazardly, lifer dir bricks in a tumbled heap. 
Samples of -such Hiibnamri arc gla«, opaj* and [imnsiiir, 
Only a Few non<ryu.dline tubfiianct* axe regarded, by 
common usage, as minerals arul these arc generally distin¬ 
guished as rmiwrafolds. Apart From these, all minerals arc 
naturally on lining inorganic crystalline substance^ each of 
which has its own specific variety of crystal structure ; the 
chemical composition may be constant (as in quartz) or it 
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njay vary (as in the fcUpan) within limits that depend on the 
degree to which the atoms of certain elements can substitute 
for those of other elements without changing the specific 
pattern of the atomic framework. 


K'lCK-FORMING Ml METALS 

Although aboul 2j|Olt mineral are known, most common 
rocks can be ^iltrquutely de^rribed in terms of a dozen Or so t 
as t he ft«llowing table indicates. It is, therefore, well worth 
while to become familiar with these essential fock*forming 
minerals, and especially to I cam some tiling of their chemical 
compositions. An attempt is made here to present this mini¬ 
mum equipment of chemical knowledge as briefly as possible. 


AVERAGE MINERAL COMPOSITION OF SOME 
COMMON KCH..KS 


1 - 

Mineral* 

IgEiraut Ht<icks 

Sdimauiry Rods 

Granite 



Shale 

^ Jjniciicm 

Qu*ru „ , „ 

Frlipaa * , , _ 
Mktu . 

Cl*v fllinrniJD 

Qlfodfr . , 

FTcfetnLJauic , 

Aiwilc 

08 ™* 

tjJdte 4 clcI tfutamitf- 

lim> ore* 

Other i»iJicT.i]a . „ 

m 

512-3 

II* 

24 

ran? 

^■0 

Kb 

3ftO 

7 0 1 

fib 1 

“1 

«#•* 

8-4 

It 

** 

1-1 

ieh* 

r-7 

KZ 

3i n 

a 

10*0 

G-i 

G4 

-4 

3-7 

14 

i-i* 

<>l 

1 


Tlie student should refer to textbooks for additional inform*- 
turn, and above all he should handle typical specimens of 
mmcrah and nocks and examine actual rock exposures out of 
doors whenever opportunity oflbrds. 
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FEtSPAttS 


The follot^ng are the chief example of oxide minerals : 

<i^TTf.- h S;( lj, iEn-*rfy lcfeiwi Co above. 

Hr-mtitr N'*jQg j All ifii|x>MJLOl 4 va of inm, Magrtfllur !■ <itm 

Ijwlwd *&* FtO.TlOj, n^KckUy 

frfr jlJj.FfjO J |& bnjfiStj ami rocb «f nmlUr camporitieil 

/if,cr^EAl]inc water* Hgp, liar miueral ot wbkh glutei *nd kc iknt 4ir cr^ 
p ow j 

combines vvjtii udc or morr of the utiicr cominriti 
oxides to form a group of extremely important rock-forming 
minerals called silicates, The most abundant of the silicate 
minerals art die fdtpms, nearly all of which are built up of 
the three compounds : 

Alkali lOfihectsse, Or, KAlSi.O, 
felspars 1 Albiu, M, NaAJSi.O, 1 . , 

AmrtkiU, An, 

In the Alkali JilspsTs the compounds Or and Ab arc combi tied 
in limited proportions, Na and K being interchangeable to a 
limited degree in the crystal structure. Thus the raim-ral 
Orthocfosr, the most familiar of the alk.iJt felspar*, gcncrally 
contains a small amount of albitc. AJbite and miorthite, 
however, are perfectly oornorphews (that is, they can combine 
in all proportions), thus forming a Continuous series of minerals, 
krunsm collectively as phgiodase. In this case the atomic 
greup (NaSi) is interchangeable in the crystal structure 
with the atomic group (CaAJ). The formulae for albite 
and anorthiic can be written in a way that makes dear 
the possibility of this substitution : 


PUwkdau l A,lia 

• I .imrlhiu A](CaAI)Si,0, 


When albitc is more abundant than miorthitc the felspar 
is called sodir or soda phgioclasc, Varieties with anortbile 
in exet s arc distinguished as calcic or lime plagiorJnsc. 

Orthodasc can be easily recognised as the cream, pink, or 
grey mineral in granite. In some granites, like those of Corn* 
wall or Shap (Fig. 12), large tlab-Jjkc uyrtals of orthodasc, an 
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mrli or more in length, arc sprinkled through the n>dt. When 
ilicaystnbarebrtJkciiucroM, thesurfaces :ut smooth and glisten¬ 
ing. Orthodalc does not break just anyhow ; it “cleaves*’ 
aJong pjiralfel cleavage planes in the crystal structure across 
which cohesion is c mparahvcrly weak, just as in many wall- 
paper* the repetition of the unit pattern give- rise to a parallel 
series ot 11 open lines, so in the atomic pattern of a cmtal 
there' may b r similar u open " planes, and it i-, along these 



5, ,■> Wfft l P 

Fki. 12 


A t».IUbrd Miri.ii r .if SInp fitamtf, luhrt «yn*L, U ..nijoiW nts . 

brildcd LU t ijccutfJ*nLan «tf finer K'iin. 'I'hr resulting |iuiicm ii drwaibrd ,n 

pn&lftilil UllTf, P- 1* 

that the crystal splits most readily. Orthoclase has two such 
*ets ofdcavago planes, and the mineral takes its name from the 
fact that they are exactly at right angles (Gr. orthos, rcctaij- 
r;uiar ; rmtos, 1 making), pJagioclajie has also two cleavages, 
but in this rase, llmugh nearly at right ,mg!es t they are not 
exactly so. Hence the name (plagios, oblique). 

Ultrn any of the fd*ptm arc decomposed (r.g. by weather* 
tug or other pmcKo involving addition of water), tin* usual 
residual products arc cither (o) a very finegrained variety of 
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CLAY MINERALS AND MICAS 

wJlitc mica (see below* called sgmUt, or (*) a f fqy minml, of 
whidi there arc several varieties. Most of the clay minerals 
are hydrous silicates of aluminium, with lortTuilaj stirh as 
AI i^i*0 n(OH), or Al 4 Si,O t (OH) ilt but some varieties its in 
fullers earth i contain a Jhiie magnesium in addition. Under 
certain conditions in tropical climates all the stJica may be 
removed from rdspars by weathering. The residue then 
Mi is kaxitr, a mixture of two aluminous mineral* with die 
compositions Al.O^H.O and Al t O v 3H s O. Bauxite is of 
gr«it value as the only workable ore of aluminium. 

Quartz and felspars (orthoda.se and sodic phigiocLue) are 
tlii. i (nrdcitristic minerals of die rialir rocks, together with 
micas, oi which there are two leading varieties ; 

White mica or Muscovite . fC\1 ? Si,AJ)O j0 (OH). 

Dark mm or Bwtiu . . K(M g r Fc'%(Si,A])O 10 (OH) r 

1 lie expression (Mg, Fe") in the formula for btoiitc means that 
Mg and Fr' are interchangeable in die atomic, structure of 
the crystals. Similarly, AJ and Fc r ” arc. interchangeable, and 
fluorine (F) may take the place of some uf the (OH). Btolite 
has dicrdbre a considerable range ■ .f romposiliun, and the 
formula given is merely illustrative of the possibilities. Micas 
all have a perfect cleavage, because their atom* are arranged 
in p;imllcl juyen, and splitting between die layers is very 
much easier than (raring aero** them, Cleavage flakes of 
mica arc both flexible and djistic, From certain exceptionally 
coarse varieties nt granite, sheets of mica can be obtained 
wliich are large enough to be used fur lamp chimneys and 
furnace windows. 

Certain rocks or the kinds grouped together ns sima (e.%, 
basalt) contain calcic plagiodase, but others are free from 
felspar. All of the sima rocks, however, are characterized 
by the abundance or predominance of heavy, greenish 
silicate mineral* rich in magi tea ia and iron oxides, and 
thrfrfore commonly known ai ferroraagnisian mincrak 
The tending imotnagmsian minerals are biotitc, a group 
known as the pyroxenes, a group known as die amphiboly 
and olivine. 
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The common pyroxenes may be regarded as built up of 
compounds such os 

CaSiO* [with or without 
MgSiO J AJjO, and 
FeSiO g [ Fc*O g 

The chief non-alumt mins pyroxene is 

Divide , . . CafMg l Fe)(Si 1 O i ) 

The chief aluminous pyroxene, and by fur die commonest 
member of the group, is 

Augitt . . . Ca (’Mg, Fe r Ai ) {Si , Al) ,0 4 

Tlic amp hi boles are somewhat similar in their range of com¬ 
position, the most essential difference being the presence of 
{OHj which, as in mica, may be partly replaced by fluorine 
(F). The commonest member of the group is 

HemblttuU . . . (Co , Mg, Fc) 4 ( Si,Al) t O,, OH ) 

Anglic and hornblende are readily distinguished by their 
crystal forms and cleavages. Both min crab have two well 
developed cleavages ; but in augitc the angle of intersection 
between the cleavage plane* is nearly (W , whereas in horn¬ 
blende it is nearer (HV nr 1 2tV\ 

Olivine is of simpler composition, its formula being 
(Mg^Pe)iSiOj, I'lie mineral is familiar as the transparent 
bottle-pxcji crystals cut us gem stones under the name prude t. 
Rocks in which olivine is ibe most abundant mineral (generally 
in association with mher fciromagnes-ian minerals! are called 
peridotite. Nearly all the heavier rocks of the rima group arc 
peridotiies ; Lhc term " sima ” obviously reflects the chemical 
composition of olivine and its ferromagnrsian associates. 

By a process or alteration involving addition of water 

olivine I* changed to wjfntinr, ■.Mg,Fe) i Si*O l .fOH\ ; thr 
same name u given to rocks formed from peridomr* bv 
similar alteration, Thr corresponding alteration pmducis of 
the toromagnesian minerals which contain alumina mid iron 


CARBON COMPOUNDS 


oxides -ire green, fine-grained, flaky minerals known coljccrivclv 
as chlorite. 

Carbon (G), though not listed in the table on page 35 , is 
only a little less abundant than hydrogen. It forms an enor¬ 
mous number of com pounds, mainly with hydrogen and oxygen. 
Some of these are the chief constituent* of living organisms, 
fuels (wood, peat, coal, and oil), and the organic matter of 
soils. Carbon dioxide, CO., is an important atmospheric gas. 
Many forms of vegetation abstract it from the air or from 
natural waters which hold it in solution, and die supply is 
restored partly by CO, liberated during breathing, organic 
decay, and the burning of fuels, and partly by CO, given off 
during volcanic eruptions. CO, combines with many other 
oxides, forming carbonates, some of which occur as minerals. 
The most import a ill of these arc ; 

Carbonate f Gdeifr CfcCOj, ihr prrUwtiillun mineralUimtcm 
mclJ Mitimr j DtlsmU CsCO, MrCXV,, itariimiif in a cartoon ie lock, 
njuirrali | which t* itjclf ratted thdundtr 

l CksJvhiu nr &dHlr t-'eCO,, an important iron me 
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Chapter V 


MATERIALS OF THE EARTH’S CRUST: 
COMMON' ROCKS 

The few references t* rock* that have already bnn made 
suffice to *how that rocks may Ik* divided into three major 
groups^igneous, sedimentary, .md tnetamorphic — according 
lu the processes that were concerned in rhrir origin. 


IGNEOUS ROOKS 
Granite 

In its natural {tome, granite may be examined in die 
tors and valleys of many a tough rriijor (Figs. 8 and 02), 
or in die quarries where it is wrought for its durability 
and hondsomr appearance os a building stone. In moat 
towns it can hr seen as hewn blocks or decorative slabs 
and columns. 

Granite is a coarse-grained rock rum posed essentially of 
quartz. Felspar, and mica. In some examples it.g. from Aber¬ 
deen) the interlocking minerals are uniformly distributed, mid 
all arc about I In: same si/e. Felspar, mostly orthodase, is the 
most abundant mineral. Gleaming plans of mica (black or 
bronze-like biohtc, accompanied in some varieties by silvery 
white muscovite) can easily be rroupiisi-d. Between the 
felspars and micaa the remaining spaces are occupied by 
translucent. glassy-looking quartz. 

Ins trad of being uniformly granular, certain grant frs 
from Cornwall and Shap Fdls. Fig, 12) have ;v distinctive 
pattern or texture dearly seen on polished slabs, due to the 
development of orthtidase as conspicuous, isolated crystab 
which are much larger titan those of the granular ground-mass 
it) which they arc embedded. This texture is technically 
described as potpjjffri&, a term derived From an old Greek 
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word meaning “ purple," Hie Romans, prospecting for 
decorative nones iri Egypt two thousand years ago, came 
upon a deep purple rock-^whieh they called porphyrins lapis— 
" f swell attractive appeantr.ee that they actively quarried it 
Ibr columns, vasts, .mil slabs. In the course of time the same 
name came to lx: applied to other rocks wludi contain large 
rrymah embedded in a finer ground-mass, even (hough they' 
lack (he purple hue or the original jxirphyritic rock. 

rhe problem whether granite crystallized from solution 
in w-ater, or from a hut molten Mate, aroused fierce controversy 
m the early dap of geology. The most influential advocate of 
, ™ st v,rvv waj "truer, of Saxony, who taught his studenis 
that era Hite was the oldest of rocks, and that it was pre¬ 
cipitated from a primeval ocean that he opposed to have 
covered rhe whole globe, The second view was first advanced 
by Hutton, d Edinburgh, who discovered that granite vans 
finm some of the Scottish granites penetrated the adjoining 
racks. Hutton thus realised that granite had been intruded 
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into still older rocks, and he naturally inferred that it must 
have been in a liquid state when it did so (Fig. 13 ), Moreover, 
he found that the rocks in vontfu i with granite had been baked 
and thereby metamorphosed, very much as clay h altered 
when it is fired and *' metamorphosed ” into brick. Evi¬ 
dently, then, the granite* he investigated had crystallized 
not only from it liquid, but from an intensely hot liquid : 
that is to say, from ,1 molten or magmatic stare. 


Basalt 

Basalt is a dark-coloured, very fine-grained rock, which is 
of widespread occurrence AS lava Hows of all geological ages, 
lis igneous origin U therefore not in doubt. Nevertheless, like 
granite, basalt was also the subject of an early controversy 
SniTie varieties of basalt contract on cooling in such a way that 
the rock cracks into long polygonal column*., most of which 
are six-sided, anti set at right angles to the base of the flow. 
The well-known columns of the Giant's Causeway in Antrim 
and of FtngaTs Cave in St a Hu (Plate 3 ) are beautifully devel¬ 
oped examples of this natural masonry. In Saxony similar 
columnar basalt occurs in isolated patches, capping the hills. 
Now Werner, adopting the genera! opinion of his day, believed 
that liter basaltic columns were gigantic crystals. He also 
believed that crystals could only grow from aqueous solutions. 
From these two erroneous ideas he drew the conclusion that 
basalt must be a chemical precipitate from his imaginary 
world-wide ocean. In this case, Werner's mistake was cor¬ 
rected in France. The Puyrt of Auvergne are a group of extim t 
volcanoes, with cones, craters, and lava flows still perfectly 
preserved. Here DcsotAftti found a ilicct d black columnar 
basalj, underlain by tindery lava and burnt soil. He traced 
the bnsalt ac-roxs country until it finally led him up to the 
Crater of one at the Ihtys. No further proof was needed tlmt 
the basalt had been erupted from the volcano os 4 Java 
flow. 

The early geologists found it extremely difficult to in- 
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vcstigalc fine-grained rucks like basalt, for with the limited 
means at Ilieir disposal they were rarely able to identify the 
tiny crystals in sue ft compact materials. In 1851 this difficulty 
was overcome by Sorby, u Sheffield metallurgist, who showed 
fimv ,i slice of nx i could 1 w ground down to a film so iliiu 
i'hIhtw 1 lottmh inch) that it became transparent, thus making 
it possible, aftrr mounting the film on a glass slide, to view 


pi, Cf'Ktta 

Fi% 14 

PiMMouiicn^ipJi ,4 „ life Kttinn <4 .he^inu 

Huamia* itttoj, «u|tte ilmnii)*- 
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the rock through .1 microscope, and so to examine the matmifird 
mincmb with ease, 6 

A thin section of basalt prepared in this way [ lltJ the 
appearance illustrated in Fig. U. Uthdike crystals of a clear 
wluurlcss mineral, which is calcic plagiodase, form art ir- 
gnlar open network which extendi throughout the rock. The 
grey mineral, wfudi is greenish or brownish as seen through 
h. micros* ope is augite. .Many basalts also contain olivine. 
. jme imt.a in ida ntly. Hie black opaque mineral is magnetite 
or ilnuaute. It « the high proportion of iron m basalt width « 
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responsible lor tin* dark colour of the rock, and for (tie nmy* 
looking material flimnnitci that encrust* its surface when it 
lias been exposed to (he weather. 

Basalt is not always wholly made tip of crystals. Varieties 
that solidified very rapidly, as a result of sudden chitting, 
had no time to crystallize completely. In eonwiqiicnec, the 
part that remained umrystallizcd had no alternative hut to 
solidify into black vulcanic glass. Crystals rnny already have 
grown in thr magma before it^ mipthm as lava. In this rose 
the resulting basalt is a porphyritn variety, with relatively 
large ciysiah in a vrry fine-graitied ur glassy ground-'mass. At 
ihe top of a basalt flow the lava may be blown into a cinder* 
like froth by I hi; expansion of escaping gases. Even in the 
more compact basalts, gas-blown cavities of various sizes may 
occur. These may be empty ; or lined with crystals, often 
bcou(ifutl) developed ; or even completely filled with minerals. 
The Idled “ bubbles “ sometime* look like , ibrnini and *0 tht- 
name cmygJatt is given to them ((font the Greek runygdifar, 
an almond), basal !■ which air budded uith numerous 
amygdala are called utttjgdiilmdal basalts. One of the 
commonest minerals found in amygdalcs is agate, banded in 
concentric layers of different tints. Agate is a variety of 
silica, and sometimes, inside a lining of agate, crystals of 
rjiiiirtz or of amethyst (purple quartz) may hr found projecting 
into the hollow space within. 


Classification or the Common Igneous Rooks 

Granite and basalt, and types closely related to them, are 
by far the most abundant of the igneous rocks. Granite is an 
example of the coarse-grained rocks that crystallized slowly in 
large masse- within ihc crust. Such rocks arc described as 
platonic, after I’Juto, [he god of the underworld. Basalt, on the 
other hand, is an example of die very* fine-grained or glossy 
rocks that roolcd quickly from lavas that (lowed over the 
Surface. Tlietr are oltanu locks, after Vulcan, thr god of fire. 
Between the two extreme* there arc rocks of intermediate grain 
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that cooled mid irystidtized at intermediate rates, genera] I v in 
small intrusions tike the dykes and sills described nn page S 3 . 
Such rocks arc distinguished as [intermediate depth*). 

Many of the hypaby&a! rocks of sialic composition are re- 
maria Me f 01 a very cot^picimm development n\ porphyritic 
texture, in consequence of which Lhey are known by die 
familiar mik name fmTphfty, 

The simple rdaticmvhip between mode of occurrence and 
grain dze indicated above does not completely cover all the 
possibilities because (u) the outer $km of a thin dyke or sill 
may be chilled against cold wall-rocks almost as quickly us 
the upper layers of a lava (low against ihr air ; and (I) the 
rate of coding in the interior of a thick lava flow may be aa 
slow as it is within the smaller dykes and silk However* pro¬ 
vided that such inevitable exceptions to the general rule are 
mu forgotten, the following correlations \crvc as a useful basis 
for t hr dasdfica t ion of ign ec>n ^ nxks i 


MODE OF OCCURRENCE TEXTURE 

jJiiJrufi+f Ljivj flam fe&anv j C[ “F , *hii 

I Very f fX«rpli%Titic 

/Wfj T i Mhw inmtilem ffypahTMuJ nmwmmd , v mt\^ 
f Major inlnuiom EuntHUa Coane-grained / 


According to tMi $eht-me, the roefea of any given composition 
may have any one of eight different textures. In the case of 
rocks ol gram tie com position p the eight textural types arc dis- 
linguishrd by the following names ; 


\$tnwp 

ftypib^fu] 

Fijcn’MK] 


(Jam/ fbiruv (filthy. 

toydb* 

FekUe 

CiRANFTU 


Pe*fhniti£ Qhsidm 
PttfhyriUt Rkpftliix 
Qfclxftz*pcfphvTy 
I'rJILPHYhrTKL C*AfffTT- 


In tht case 'X racks of basaltic composition, the corresponding 
ts'pes arr MchyljU (rhe glassy Ibrm of basalt), basalt, dolcritc or 
diabase (U» common rock of many dykes and ailli, much med 
ior mad rtn;mlj, and Gabbho, together ivith porphyritic 
varieties of each. 

Igneous rotki are also deified according to the kinds and 
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proportions of their constituent minerals* Many of tbc rocks 
commonly referred to as “ granite ,f liavc more plutpnclast 
than ortliocl.L'r and are therefore not true granim ; it is 
otmstetUciit to distinguish them by ilsr name granodmritc, 
because Ihry ire intermediate in mineral composition between 
granite ami quartz-thorite. Diorite, with little or no quartz, 
is made up essentially of plaginc ht*e .mtf hornblende. Many 
large “ granite '* masses, consisting mainly of granite and 
gra nod in rite, pass marginally into qnartz-dioriic and diorite. 



Fir.. t5 


Vuiatim) in mrur-ral ££>ns| M^iliois ami itljru . urtirni u/ the rock 
Ae<r*wry mznermli in hiutk fai ihr. ba**) 


The continuous mineral variation, and the conventional 
dividing lines between the types, are shown graphically in 
Fig. 15. 

As this example indicates, igneous rocks can be classified 
mineraiogically, and therefore identified bv means of criteria 
such as : 


frft the presence or absence of quartz 

(lr i tic- kinds of frljpar and the proportions between 
them (and in some eases by the absence of felspar), 
and 

!/ the hind* of femitnagtirsan (F.M.) minerals. 
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MJMlRAlXKilCAL CLASSIFICATION OK TTIL GlUF.i 

Ignkouk rocks 


Vckmii or wrfjSn t-grmtitd ivjjcj in it alio 
Hypabvssul on fttH'-graiortl types in ordinary type 
FtX’l'ONIC or COARST-G RALNED lyj^ m CAPITALS 
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SKDIMESTAItV ROCKS 
Sandstone and Shale 

Sandstone is perhaps tile most familiar nf all rocks, for 
it is easily quarried, and it is used more than any other kind of 
stone liir building purpose. Examined closely, using a lens 
if necessary, a piece of saw I stone is .seen r<> consist <>f grains 



\ii, S. SmfrfiKf 

Fin. I ft 

K^iOtomkrofraph umditon?, rvtfrilun SaiiH*tJ.w„ 
N'jQUt-Wm Sf:ttkmi ;tu 


of sand identical in appearance with those that are churned 
up by the waves breaking on a brack Most of the grains 
consist of mure or Irs, rounded groin-, of quart*, hut there 
arc others of dotldy, weathered-looking felspar, and gen¬ 
erally a few shining spangles of mica can he seen (Fig. Iti), 

< Ic.irly, i.nnkforn- is made of second-hand maicrioU. of 
wum fr.igmcnts derived from ibr disintegration of some older 
rock, such as granite, which contained the same minerals. It 
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differs from deposit of modem sands only in being coherent 
instead of loose, Calcile i> a common cementing mate rial . 
Brown sandstones are cemented by limnnite and red varieties 
by haematite, in pure white, eaircmcly hard sandstones, the 
cement is quartz. These material* were deposited between 
the grains by ground-waters which percolated thru ugh the 
sand when it was buried under later sheets of s;ind or other 
Formations. 

In the steep Face of a quarry or cliff, -successive beds or 
layers can be seen, differing from one another by variation* 
in colour or roiirscnrsv of grain (Plate >>.*), At Intervals there 
may be strongly marked bedding planes, along which the 
sandstone b easily split, due perhaps to (hr presence of a thin 
layer packed with flat-lying flakes of mica, or to the intervention 
of thin band of day or shale. Evidently the beds or strata 
have been formed by the deposition of Inver after layer of 
sediment. 

Along the beach, and especially near the cliffs, boulders 
and pebbles arc heaped up by storm waves. Then come the 
Winds, and beyond them on the sea floor lie still finer deposits 
”f mud. made up of the tiniest grains of quartz and altered 
felspar, shreds of mica, and minute flaky particles of clay 
mmrral;, Each of these different ry jn^g; can be recognised 
among the stratified rocks. Sooner or later, a sheet of sand- 
stone thins out and passes laterally into clay or shale. Traced 
in the other direction, it may become coarser in grain and pass 
into a massive boulder bed or conglomerate isee Mate 3 In). 
Tltc term eongiawitralt is applied to lamented fragmental rocks 
containing rounded fragment such as pebbles ; if ihr frag¬ 
ments are angular or jub-angular, the rock is railed itremtu 

The very fine-grained sedimentary jocks, corresponding 
to mud, axe desrribed as day, mudstone, or shale. Mudstone 
is - niiipai [, tail 'hale vJttt easily lie divided Into thin hunitue. 
llus faniity is due to a structure rest milling stratification on 
* f mc ****** whkh is distinguished by the term hmimtvm. The 
mirai and day minerals alt occur a> mimitr 51ms which fie 
witii their flat surfaces parallel to (he bedding, and in cunsc- 
queuce the shale readily divides dung the lamination planes. 
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LjWEiJ ONES 

[limestones of suitable quality are widely used as building 
sionts, because of the east with which they can he worked, ami 
some varieties, the aristocrats of a very mixed group, have 
become famous through Llirir lavish use in great public 
buildings, Portland stout, for example, has been a favourite 
choice for many of Loudon's greatest building, ever since 
Wren selected it Ibr the rebuilding of St Paul s Caihedri] 
alter die Great Fire of lflfl0 F Thr towers and Heeplc* uf the 
London churches, die government office* in Whitehall, the 
front of Buckingham Palace, and most m endy of all, the new 
home nf London University, all display its use in varied styles 
of architecture, 

l“hc natural architecture of limestones can be studied in 
the quarries of Portland and the Cotewoldin the grey sears 
of the Peimines {Plate *&\ and in the white gashes cut by 
limcwndup in cite green dupes of the Chalk Downs* Some of 
die liimstunes of tiu- Pennine* are packed with die remains of 
coral-i and marine shells, and the bead-like relics of the stems 
of sea-lilies animals like HUirfbhcs on lung uuiks—Plate Uaj. 
The yd low Cots wold limestones, more open and porous, arc 
often crowded with fossil shells, while bdtimiiles, looking like 
thick blunt pencils, and the coiled forms of ammonites add 
further interest and variety (see Fig. SO)* The fine-grained 
and friable limestone known as chalk contains smooth white 
shells and sea urcluns. But besides these visible fossifr ihere 
arc innumerable little coiled or globular slieUs which can I>c 
seen only by microscopic examination ; dime are exactly 
like the feirammifcra dredged up from the deep-sea floor, 
where gbbigerina omc ls collecting at the present day (see 
Plate 72J* 

Evidently many limestones are accumulations of organic 
remains, vast cemeteries in which the teeming life of ihe sea 
has been entombed* It b easy to prove wish dilute add thai 
shells and corals ami limestones are all com posed of calcium 
carbonate. They effervesce briskly when dir acid is applied 
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and give niT carbon dioxide, while a drop of the resulting 
solution lirlti on n dean platinum wire in ihc flame of a bnowii 
burner colour* the flame with the brick-red tint due to calcium. 
Soft-bodied organism* a1>siractod the calcium carbonate from 
sea water and deposited it around or within themselves, to 
form a protective covering or u supporting framework. 

I he limestones ol Portland and Bath also contain shells, 
but they are mainly composed of rounded gram* that look like 



Phi. 17 

I'tl.iTiadirwrMlTti oi !i«.c*tiine, Filler, RaUi 

X 30 


insects’ eggs. For this reason they are called oolites or oolitic 
limestones i Greek <w* T an egg). Under the mitToscone each 
granule is round to he made of conremri- la vers of calcium 
carbonate, often with .1 bit of shdl at the centre Fig. IT). 

cor f 1 ‘trand*. where the conditions arc favourable, 
j *“ sra11 '" l4 | T . inmiitl P to -day around such nuclei |>v the 
d r f K«tjcm of cab a u m carbonate from sea water. Rolled about 
l)> tile surf the grains tend lo inttm- equally on all sidnL and so 
to become round, 

limestones arc thus seen to be deposits formed from dis- 
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LIULSTONK AKtJ IJOmiirTT 


solved material . generally, but mu .iIh.to, from sea water. 
They usually accumulate Outside thr stretches of sand imd 
mud that in most place* Iwrder the lands, but where the sea h 
uncontamimueci by muddy sediment, and especially where the 
difis themselves happen to be made of older limestones, they 
may Inrm close up to the land. Beaches may locally be com¬ 
posed ol sand made up, nut of quart? grain*, but of shrlJ 
debris (Plate tifl). Similarly, the sands associated with coral 
reefs and atolls consist largely of coral debris, ground down by 
the waves. 

Many limestones are distinctly fragmental, whether formed 
from organic remain* or from oolitic grains. Others .ui> 
extremely Gne-graincd and compact, ant] mi-t of (lira- icprr- 
sent chemical precipitate* from water* rich in calcium ,ir- 
ixauue. Hit double carbonate of calcium and magnesium 
(dolomite) may *bo be precipitated ; either directly, or by 
the action id warm rj water on limestone already in process 
oFamimulatiiiTi on the tlix>r of the 't-a. In these wayi wc^ncRim 
or tUmilK limal rnfi, grading into pure Jelmdlr rocks, have been 
formed. Dolomite was selected as the building stone for the 
Mouse- <il Parliament, Unfortunately, the sulphurous fumes 
from the neighbouring potteries of Lambeth corroded the 
delicate carvings of the structurr, turning the magnesia of tile 
stone into easily soluble cpsom salts. Dolomite, however, may 
be an excellent building stone where it is not exposed to such 
abnormal weathering conditions. 


MBTAMOJU'HJC JUxtKS 

MaRU!.!. AND f'HVtl’. Ul lW . LuitJfTO.SF-S 

LimeatHhr* air known commercially -u " marh!- ” when 
they ran lx* effectively polished and used finr decorative pur- 
pdHS, Comb amt the stem* of sea-lilies give :* variegated 
pattern commonly seen on polished slabs tut from the grry 
limestones of the Pcnnines. The pink and grey limes tone* of 
Torquay have been fissured by earth movements, and per- 
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mealing solutions have mottled the stone in liuls <>J' red and 
lilltrd the cracks with while vein* of cniiite. This example 
illustrates the east with which limestone become? changed by 
natural processes into " marbles ” of endless variety, [jme- 
aiont is dicritically a very sensitive rock, and the walls of man y 
ill Lyons fcsiiUinints show in spectacular fashion how readily 
it tun responded to the effects of heat, pressure and percolating 
waters, 

To the geologist, however, the term marble is restricted to 
limestones which have been completely recrystailired by meta- 
mnrphic processes during thrir burial in the earth’s crust. 
Under the influence of heat from igneous diffusions the calcium 
carbonate of sheila and finer particles alike is gradually nr- 
constructed into crystals of calotte of roughly uniform size. 
All traces of lossiU ^re destroyed, and the rook, when [hi re, 
becomes a white granular rock like the well-known statuary 
marble front Carrara in Italy, The great sheets of basalt in 
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Mg rA\ir>a mmu of umesToxes 

Antrim lie over a surface of Chalk (Flare 17 a), and the chalk* 
instead of being soft and fri.iblr like t lmt of southern England, 
lias become hard and indurated by the heat from the over- 
lying lavas. And against the channels through which the lava 
reached (he surface, the chalk h transform**] locally into 
sacdutroidnl marble* 

It may be itsked how it ia that cari>ari dioxide did net 
escape tinder such cosiditiora, as it doer when limestone is 
heated to make liine. The explanation h thaL whrn i tic heating 
takes place under pressure, as when the limestone L confined 
under a load of overlying rocks, the catlwn dioxide h not 
liberated ax a m train of gas* but only ax dUpened molecules, 
temporarily freed* These mobile mulct tiles may be thought 
of as acting like tiny Ml-bearings* lubricating die rock during 
flic ttcrystaUizatiTm of its minerals, Crniditbm FBVotinibJe to 
marbk formation werc successful!) imitated in IHH5 by Siw 
James Hall, sin eminent f riend of Hutton 1 *, who (rated many of 
the rivsii theories around which controversy was then raging 
by deviling experimental inrllmds nf attacking the problems* 
Hall enclosed pounded chalk in a porcelain tube, which in turn 
was fined closely into a cylindrical hole bored in -i solid block 
ofinou* and securely sealed at the opcm end. On heating this 
14 bomb TP to the highest tern perill tire ai hb command, ihc 
chalk was transformed into a fine granular marble. 

When the original limestone i* not pure, but contains other 
carbonate mineral* such as dolomite, and impurities of sand or 
clay* various chemical reactions take place between the ingre¬ 
dients when they arc heated tip sufficiently. Mew minerals 
are then developed, olivine and garnet bring examples, and 
the carbon dioxide Unix liberated is driven off: 

aCaMgtCp^^^SiO, MgjSiQi * SCaGD, 2CO* 
Dubmitt Qpttlz Olixint CalriU Carta rr dumdt 

Moreover* when a limestone or dolomite k invaded by granitic 
or other magmas, pail of the magmath material may diffuse 
into die smtounding rock, thus adding new constituent* and 
xn causing the growth of still other types of new minerals. The 
beautiful green serpen Line-marble of Connemara, familiar to 
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.til who have visited Ireland, probably originated in this way. 
In SQTOC localities in the United States and Sweden important 
masses of iron, ore have been formed at the expense of limo 
stone. Evidently magmatic fluids rich in imn migrated into 
the Nmcstones, leaving ihe iron there as black unique Kite, and 
t arrying ofF in solution the replaced cah him carbonate. 


Slate 


The world-lam u us roofing dates that are quarried from the 
nigged lulls amuml Snowdon owe their value to a structure 
vv ereby they can be 'split along planes (hat arc not parallel 
l " the bedding, like the lamination of shales, but inclined tt> 
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U - often at a high angle. Thu structure is neither stratification 
nor lamination, but a fioflny or cleavage, often of great per- 
h-< m>n. hi< distinguished as ikty r lem.igr L Fig. t(l) l, 
not be confined with the dravage of crystal li>r the latter 

\ a P'W ^f«^ng ™ *h« orderly arrangement of atom/ 
vvhrreiu duty cleavage depends on the 35* 

r/r/i/r t\\ E iir:tls * ucU a «** cworit/Uhm 
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OttlfilN OF SLATE 


Traces of the original bedding planes can lie made out in 
the quarry face wherever hands of contrasted colour or more 
gritty material are present; such bands are often badly 
crumpled anti contorted. If, by a rare chance, a fossil is found, 
it* toti, is deformed and squeezed out (if shape, Clearly an 
overpowering pressure has been exmed on the rock* and 
observation shows that it must Have ln:m applh-d sideways, 
lateral earth-pressure, sufficiently intense to crumple the rocks 
in most intricate fashion, has compressed a thick muss of com¬ 
part mudstone or laminated slude so thai the flat surfaces 
of all the flaky minerals si lifted round into positions approxi¬ 
mately at right angles to the direction from which the 
pressure came. 

In I SOtJ Sorby demonstrated the truth of this explanation 
by experimenting with a stiff mixture of day and tiny (lakes 
of iron ore. The flakes orientated themselves with their flat 
surfaces perpendicular to the direction of the pressure. Tyndall 
later developed cleavage io wax by pressure. In dm case the 
new structure was due to the flattening out of the original 
globular particles of wax. So we find that slates may also be 
made out uf certain very fine-granted maleriab even if tiirv 
contained no flaky minerals to begin with, The silvery green 
slates of the Lake District have been formed from beds nnine 
volcanic ashes. Their cleavage and silvery sheen is due. how¬ 
ever, not merely to the flattening of the original particles, but 
also to die development of new minerals from the volcanic 
materials. Microscopically small shreds of mica and wisps or 
chlorite have grown in the rock, alt with dirir tilm-hkc surfaces 
lying parallel to the cleavage direction. 


Kjnds of Metamorphish 

Slate is thus an example of a mckon which a new grain " 
has been impressed, mainly by the effect of shearing caused by 
severe compressio n a 1 earth movements. To some extent 
chemical changes promoted by heat and solution have co- 
pperated in facilitating the growth of new minerals. The 
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original shale or volcanic ash has responded by becoming a 
date, .t itew type n( lock. Since the main process is dynamic, 
slate is said to be a, product of dynamic mttamorphisnt. 

1 lie change from limestone to marble, on die other hand, 
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1T3£ b 7^ llt ^ V ** *«ion of heat. It iterates 
he effeus of Ihtrmnl mtwmpkum, The met* in contact with 
^Iieous mtrusioHs arc commonly metamorphosed by heat and 
migrating hinds, and metamorphism of this kind is dh- 
tm K uidicd as cimtact meUttrmpkiim. The atone of altered rock 

mMa ^°S ^ wtnision k described as the tnciamorphic 
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CONTACT AND REGION* t WETAMORPHISJ-t 

auntsU (Tig, 20), Where shales or stoic? are in contact with 
granite the mineral changes promoted b v thr rise of temperature; 
Jjeemne visibly conspicuous. Traced from thr edge of the 
aureole inwards the granite, Hu? rocks bruin to l>e variegated 
by little spongy spots which at yet are hardly individual toed 
as definite minerals. Nearer the granite these commonly 
develop into a gfatening lelt of tiny brown and white 
Hake?, which tutlhcr on become largrr, and can he recognized 
35 micas, tllosr to the contact other new mi nr nils may 
apfiear, Metamorpbic rocks of thk kind arc called JtomjHi 
(plural, hoinjthn\. 

When all the agencies of metamorphism operate together, 
;is they do to the heated depths 1 1 .jst. j ix-p where mounrain 
building movements an- in pnpgrr-s;, thr rocks throughout an 
extensive region an* char art rrbthally transformed, .md the 
mr fa morph ism h then described os n-gianal. 


Crystalline Saitsrs 

When shale or slate is rrcrys tallied by regional meta* 
morphism the effects uf heat tuid migrating fluids lead to tlte 
development of mica and tuber new minerals on a visible 
scale, as in contact metamorphism. At the sane time the 
efiects of shearing or lit)wage give the ruck a new structure, 
due to the streamlined arrangement of the platy and elongated 
minerals. This structure is called foliation, a term hosed on its 
similarity to that of the tightly packed leaves of leaf-mould. 
Foliation may develop along an earlier cleavage, but mure 
commonly it follows the simtiiicatum of sediments that Imve 
not been cleaved, and iu some cas.^, when the theming or 
llowagc failed to coincide with the earlier parting planes, it 
follows a new direction altogether. The surfaces along which 
a foliated rock can be divided may hr plane o, undulating, 
w.n y qt con totted. When the IhJiuiiun is closely spaced 
thrniighiitil tile body of the ruck, to that almost any part of it 
can Ire split into flakes or fbi lenticles, thr rodt is called a 
schist (Gr. sshistas, divided}. The sclvntosity of the ruck—that 
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is, the property whereby it can he easily split- -is somewhat 
ifeiii to slaty cleavage, hut on a coarser, rougher, and less 
uniform .strain, 

Si hists. arc named after the chief mineral responsible for 
the fnliiUion in any given case. When this is mica, ;is fre¬ 
quently happens, the rock is called mhosekisi, this Lid tig the 
type that develops from shales and slates. Another iy^ is 
homhfeiuti-tehislf which develops from basaltic rocks, the 
homlilcndn being formed at the expense of ihe original augitc. 
Sandstone am! limestone rarely farm schists, and then only 
cru e y, the reason being that quart'/ and calcite arc naturally 
gratmUr minerals. The usual metamorphic equivalents of 
these iwii are quartzite and marble, respectively, both granu¬ 
late rocks. 


tistissti and Migjuatttes 

. of the matt characteristic types of metamurphic rocb 

is that known by the old Saxon miners’ term gntisr Gneisses 
an: Ibund associated with schists and granites particularly in 
rccmtis where very ancient rorb are exposed. Like schist, 
gneiss 14 a foliated r-.. k, but u* foliation is open anti interrupted. 
Highly mtcat «:ous layers alternate with bands or Icatldcs or 
eyes ihat are granular, and more like granite ip thrir 
texture and composition. Many gneisses, indeed, have the 

j^ m ^* int *.° r * riUlitc or gntnodioriie, and thus they* 
further differ from schists in containing felspar as an important 
nun era], especially tn their granular portions 

Some gndwes may be simply tlir squeezed-out and re- 

aDDrar^ ^ of granitic rock., but most examples 
appear iu represent transitions between schist and granite. 
1 ne Ottoiuie areas where gneisses arc wdl exposed, such as 
tlte tow. wave^wtpt islands of southern Finland Plate 10) 
we can see that thr older schists seem to have been impretm'ited 

tiE?*“ ncdv » bl ' mp In •*» mm lam and 

folia rf.r XT i t : ‘ P|Mr “ nm bxwer. the 
book. Urse by, the schists are strewn with crystals of felspar 


PLAT f 1(1 



(A | {(lurk., iravcivil by ifnijHlt 1 



(Rj SVj8'.r-^v s -jiL luriiur nl'nclrlm* niitfmfm'iei. and ^raiulc vein* Ik-ftA 
SOUTH COAST OT FINLAND 





PLATT I \ 



!.A. Schim m urin liwt replaretUtttt by I'rauth-. Dumtihiilnir,]' ;™,r 



F,,UeU * lhU, ‘ coTi.pl p(dy Kroiiitued, ^ '* 

0R.VSITEZAT10N. SOUTH fX)AST OF FIMJWD 




SCJHIKT —KiftMjVTITft—tiRASITE 


(Plate 11a), again suggesting that granite magma soaked into 
the rocks. Such mixed gneisses arc called mgmdtikf (Gr. tnigma, 
a mixturei . However, tltc first idea that migmatites result 
from the mixing of schist and granite magma cannot be sus- 
tamed. Both the veined and the *' eyed " varieties of migma« 
tite pass into types with larger and more abundant felspars, so 
(hat the rock looks like a granite, except for a shadowy back¬ 
ground rrpn^eming vague remnants <>r l '. ghosts" of the original 
schists Plate lilt). Finally, even the ' ghosts ” vanish, and 
only granite remains. The schists have somehow been trans¬ 
formed into granite. Where hat the old material gone ? 
Whence came the new and what was its composition ? These 
are difficult questions, and they have not yet been fully 
answered. But clearly thr problem of the origin of granite is 
not quite so simple as Hinton thought. Hutton read part of 
(he story correctly, but we know to-day that it is no longer 
safe to assume that all granites and gnmodioriics crystallized 
Irtun a completely molten stare. In the alchemy of nature, 
migrating fluids from the depths soak into the schists, adding 
certain new ingredients and carrying away some of the old 
ones. As a result of this chemical interchange, the schists 
themselves are changed m composition, migmatitrs are formed, 
and the final product is a granitic rock. Moreover, there is 
growing evidence that locally the newly born granitic material 
became mobile and fluid. Consequently we have here a most 
important clue as to one—and perhaps the most important — 
of die ways in which granitic magmas have been generated. 


The Cvo-e of Rons Chance 

According id the accepted theory that thr earth was 
originally in a fluid state, thr fim m. ks of thr crust must in¬ 
evitably have been igneous. However, nrinr of these primor¬ 
dial nub has ever hem discovered. I hr oldest igneous rocks 
thai can be found ant seen to lie intrusive into still older rocks 
which, though now mi-tuiwirphic. were originally sedimentary, 
There must, of course, have been still older igneous rocks to 
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provide tin- materials of ihesc sediment-:. and to smt as a 
found ation For their deposition, bur such basement rocla appear 
to have vanished lung ago in successive waves of fusion which 
attacked the mist From below. Li is for Urn reason thru no 
evidence of the earth's beginning has yri been detected. 
I !ntron remarked a himdrcd mid fifty years ago that he could 
find 1,1 no vestige of .1 beginning ” and to-day, despite world- 
wnie search, vi- are sitlJ obliged to say the same* AH (he 
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oijsem-d igneous rod* have consolidated either from magmas 
that ascended from the depths, or (at least in parti from 
magmas that were generated within die Crust by the Jluxini: 
,jf hc> “ aml migrating fluids or. die materials already 

Sedimentary rocks arc ihosc produced by external pro- 

,?T T? P r *T xl - tm * f ' xks <* all kinds, nr From organic 
derived mainly from ,nr and water. Many of dime 
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have remained iindcnudeti and, together with the accumu¬ 
lated salts in the oceans, they represent die results of nearly 
million years of surface activities. Others, however, 
have been deeply buried and metamorphosed. 

Met amorphic rocks are i horse produced by internal pro* 
cesses im pre-existing rocks of all kinds, with the limitation that 
the rucks concerned remained essentially solid during their 
transformations. When the action of heal, stress, and migrating 
fluid* became sufficiently intense, the rock materials became 
increasingly mobile, until they finally liquefied, wholly or in 
part. Thus, beyond a certain limit of intensity, nictaniorphism 
reaches the extreme sLage—-someLinus called ultrvunctamor- 
phism—,ii which new magmas arc generated. The rock 
formed b. :1 k 1 subsequent cnnsolid.ition of inch magma can 
m- longer W regarded as inrtanmrphk. It has been re-born 
.1* an igneous rock, and die great cycle of rock change— 
..us -sedimeman' * metamcaplire —igneous — is completed 

(Fig, 21). 

In the light of the above considerations we can now 
attempt a more rigorous definition of an igneous rock. An 
igneous rot k k one that has consolidated either (a) from 
magma : ot i i \ from hot mobile material con tain i tig sufficient 
iluid to be capable of (low, in the course of which the pre- 
cristtny mclamolphic structures arc obliterated. 
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Chapter V 1 



ARCHITECTURAL FEATURES OF THE 
EARTH'S CRUST 

Fracture, Fuwage. and Ft.ow 

Any mass of rock in die earth's crust it subject to gravity arid 
earth pressure. The resulting stresses tan always he repre- 
sented by- dirre principal stresses acting mutually at right 
angles; I 1 ,, the least line hiding 
tendon} ; intermediate; and P Jr 
the greatest. One of the three i* 
gencmliy vertiral and thentlicr rwi j 
horizontal (Fig. 2S5}. ir the maxi¬ 
mum stress difference, P, — P p , 
exceeds the strength of die rock, 
then the rot k is strained, ant! it 
either breaks if it remain* brittle, 
or suffers a change in shape or 
size if it becomes plastic. Near 
the surface, rocks yield mainly by 
fracture; Inn at greater depths, 
whir h vary according to the kind of 
rock, change of form takes place by 
solid fir,wage, that is. by plastic Bow, the movements being 
facilitated by microscopic fracture- and in* recryualliiatiim. 

Thus for each kind of rock (mirier the given conditions of 
stress, temperature, and migrating fluids] there is- ,i zone of 
flowage below a rntaw dqith and a zone rtf fracture above if. 
A glacier illustrates the distinction very clearly. Here a super¬ 
ficial zone “f fracture is demnnsi rated by the occurrence ot 
crevasse in the ire. The glacier creeps down its valley, how ¬ 
ever, by fin wage, and in a glacier the zone of flow age is quite 
near the surface, because ice, unlike ordinary rocks, is near its 
melting point, and recrystaflizaiitm is easy. 

When the ice of a glacier melts, die water flows away freely, 
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TILTED STRATA 


Similarly, when rocks become molten, the material can Bow, 
though it tardy ilouu freely until the surface b reached. Then 
extrusion takes place, cither quietly (relatively speaking) as 
lava flows, or explosively, with product bn of fsyr^tmtk ( 4b fire- 
broken ”} rocks* When ihc pressure of a magma in depth is 
s tiffin rm to overcome the strength of tht rock or i heir over¬ 
head weighi y the magma b impel!ed to move in the direction 
of least resistance, either bodily or through fissures and other 
parting planes* thus forming intrusions of various kind*, some 
of which extend to the surface. The form and size of an 
igneous mas* as a whole* and its relations to the adjacent rocks 
(often referred to Ui the 41 country rock* P1 ) arc called its tmdt 
of otcuruntt* 


t Folds 

Stratification h a primary structure of sedimentary rucks* 
due to the deposition of layer after layer of differing or alter¬ 
nating types of sediment. Most sediments were originally 



deposited on flat, very slightly inclined surfaces* But in many 
regions we find that great Muck nesses of strata have beets titled* 
so that they now- lie in inclined positions, sometimes fur many 
mile?. The tilted bed* generally repraent one ddr of a very- 
broad fold, The at til yd r, or pmition in the ground of any 
inclined bed, b accurately described by wlmt is called its dip 
[Fig. 23 The dip h both the direction tif die maximum slope 
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Va cliff iif IwutiHi idJi^loiir h dip aizd il±slu* r OaEIwh 11^, 

kr<MHJdr^ 


down a biding plant and the angle between tJu- maximum 
slope and ihc hormmfaL The rihcnimi j$ measured by ics 
mic bearing, as so nuu.v degree* east nr west of north, the 
compos- reading being suitably Correa erf i ln T magnetic vtuia- 
tiun. TJic angle is measured with a clinometer.' 'Hit- strike 
ol an inclined bed is the direction of any horizontal line along 
a plane ; the direction, for example, of the imer- 

set lion < >| the lirtl w ith .still water or level ground. It is at rielit 
itiiglc^ tn the dip direction ( Fig. 34). 

When lied, arc upfoldcd into an arch-Jifcr foim with the 
lower beds within the upper! the structure i- railed an anti- 
dw, because the beds then «in.line away ’• from the rr«i on 
either Side (Plate 12 a). When the beds are down-folded into 

C V th ?. tw T hcdi •»“***« I be Upper) 

T Ct ^ 11 ^ a iyndt *<> ******* in this ease the Lis 
on ci icr side in, line together ,f inwards the lied Plate 12a). 

Die two tides tif a lold are described as itslimfo, [fit limb which 
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FOLDED STRATA 


b shared between an anticline and iis companion syncllnc being 
called the middle limb. The plane which bisects ihe angle 
fjctween the limbs h the ml »ik 1 the axis of ihe fold 

along any particular lied reboot which the heel k folded) is the 
line of intersection of the axial plane with the surface of that 
bed. If the axial plane h vertical, the fold is upright and 
symmetrical* and the crest coincides with the axis- If the axial 
plant is inclined, the Ibid h also inclined ; relative to the 
vertical il is, of courac, unsyrnmeirical (Fig. £1). 

A* they -.ire traced along their folds sooner or later 

die out ; and here, or wherever tlir axes are noi horizontal, 
they are said to pitch* pitth being simply the dip of the beds 
along the axis of a pitching Fold. Anticlines and $ymlines 
arc thus like more or less elongated canoes, upside down or 
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right way up. Domes and basins represent the limiting cases 
in which the beds dip in ah directions, outwards from, or 
inwards towards, the centre of the structure. Between these 
and folds that extend for many mil« there b even,- gradation. 
Such structures must not, of course, lie confused with hills artel 
valleys, for they refer solely to the attitudes of the bedrocks 
below the surface, and not to the relief of the surface itself. 

Folds range in intensity from broad and gentle undulations 
to steep-sided, highly compressed folds in which the beds may 
be turned «n end, and the limbs of anticlines (or, in other 
words, the upper limbs of synclines j turned over even beyond 
the Vertical (Plates 13 and Hi). In the Southern Uplands of 
Scotland the rocks have been so intensely compressed that the 
limbs of the closely packed folds have become practically 
parallel. Folding of this “ concertina ’’ type is described as 
isoclinal ^ Plate 8 Ua). In this region, and also in the Lake 
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District, the puckers and smaller IbJda are superimposed on 
broad anticlinal and Synclinal folds of a rnutii target* order. 
An anticlinal complex of folds of different orders » * .died an 
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antulwonum, awl the complementary synclinal complex a 
sytulinorium '’fig. 2tS), 

\S liets a pack n| cards U bent into a fold, slipping between 
I lie adjacent cards invariably occurs. Similarly, during LLc 
growtli of anticline,, the outer beds shear or creep along the 
timer ones towards the axial plane, while In synclio.cs ibe lower 
teds move in the same way under the higher one*. Plastic 
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or " ineomfictcnt ” beds, like shale, tend to creep by linage 

reasonth*' ^ sm,1 * cr «** ** competent ” beds, and for this 
reason they become squeezed out and thinned to the limbs and 
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Hii m and joints 

thirkcncri towards the axes. It k during this Jliiwaer that 
shalts tend to become slaty, the resulting cleavage planes being 
parallel to the axial planes. Thus, in an ajidcltnorium the 
cleavages are disposed across the whole structure like the ribs 
ol a fan. 

An overturned fold, or oocrjvfd, has one oTib limbs inverted, 
and if tile latter approaches a horizontal attitude tlie overfold 
is described as taumbml ; the beds of tin- middle limb (the 
lower limb of the antic line and the upper limb of the under¬ 
lying tynulipc) arc I hen upside down. Part- of the Grampians 
are carved out of u gigantic recumbcjii fold i Fig. 27). In 



structures of this kind pan of the middle limb may be sheared 
or squeezed out altogether. Further development of the 
structure then results in the rocks of the upper limb being 
pushed bodily forward dong liie plane of shearing. The f itter 
has become a limit plan' itul the .structure an aettthrUit Jbltl 
(Fig. m\. 


Joints 

Flic stronger bed* in a folded series of ir.it.i Income 
ruptured when they arc brut, the t racks being known as 
joints. Unfolded rocks ate also commonly divided into blocks 
by jointing. If we examine :» quarry nr cliff section of sand¬ 
stone or limestone, we find that in addition to die bedding 
planes Lite rock k traversed by fractures that arc generally 
approximately at right angles to the stratification, ami tlirtc- 
fore nearly vertical when the beds arc Hat (Plates and 14a). 
Joint* frequently occur in Sets consisting of two scriu.*, of parallel 
joint*, mie series, if tin- beds are inclined, approaching in 
trend to die dip directiuti Lind the other to the strike, Such 

75 







AKCHITECTVkAL FEArURES OF JltE lARTll's CfettfT 


joint.* arc or great assts lance to thr quarryman in bis task <>f 
extracting roughly rectangular blocks of stone, especially the 
" inasirr joints,” which arr often remarkably persistent and 
strongly developed, In most roe ks, however, there arc sul>. 
ordinate joint* which rut across the main sets, thereby dividing 
thr rneb into irregular angular blocks. 

Joints may be due either to shearing under tumpitssjoti 
or to tearing apart under tension. Shear joints tend to be 
clean cut and tightly closed (in unweathered rocks), whereas 
tension joints are more irregular, rough, and open. At the 
surface, joinb of all kinds are very susceptible to the attack of 
weathering agents ; they are readily opened up by the work 
of rain, front, wind, and plant roots. It is due to this opening 
<>f joints and bedding plants that cliff* and mountain scarps 
often resemble roughly hewn masonry Plaici ]5a and 32a), 
Along the shore waves attack the rrx:ks selectively along joints 
and the influence of the joint pattern is often clearly shown in 
the imtlines of inlets, caves, and berries (Plate 67a). Tlir joint 
pattern may also control the course of rivers, tJlc joint planes 
themselves commonly fanning the walk of slecji-sided gorges 
aud canyons (Tliue 1). 

In igneous roclu tensile stresses are set up by contraction 
during cooling. In granite masses three senes of joints are 
commonly developed, two being nearly vertical and the third 
approximately parallel to the surface, The latter produces a 
ihtfi structure, which becomes conspicuous when the rock is 
exposed to weathering. The tors on granite moorlands are 
divided up into gigantic blocks tvith a bold architecture like 
that ot a cydupc,m fortress (fig. 02). 

A quite different arrhitreturai effect is produced by the 
columnar jointing of certain basalts and other finegrained 
and compact igneous rock* Plate Ha), Somewhat similar 
seb nl polygonal crack can be seen in the dried-up mud of a 
or river fiat that has Ixxn exposed to the *un tef, Plate 
lit). Mud tracks mult from shrinkage due to loss of water 
from the surface layer. The polygonal tracks of basaltic 
sheet?, are due to contraction during cooling. When a hot 
homogeneous rock cools uniformly across a plane surface, the 
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COLUMNAR JOINTING 

contraction h cqnJIy develop rtf in all dircctiniu throughout 
the furikec. This condition is mechanical!) the same w if the 
eon traction arted tawiud* each of #* merits of equally spaced 
cxim-ti. Such centra (i.g, G > I t S, 3, etc. in %. 2fts) form the 
comers. of etjui lateral triangle*, and theoretically this 1a the only 
]30s4itj|i~ arrangement. At rhe moment of rupture the distance 
between any given centre 1: and those neared to it [t*g> 1 -0) 
is such that the Contraction along line* such as C — 1 is just 
sufficient to overcome the tensile strength nt the rode. A 
tension crack then form? half-way between G and i and at 
right angles to the line C — 1. As each centre is surrounded by 
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sb others I to ft in Fig. 3tta) # the resultant system of erodes Is 
hexagonal. Once a crack occurs somewhere in die cooling 
iayt i e In: centres are definitely localized, and a repeated pattern 
of hexagonal cracks spreads almost simultaneously throughout 
die layer (Fig 2flb). As coaling proceeds in to the sheet of 
rock the cracks grow inwards at righi angles to the cooling 
surfaLr, ami so die sheet into .1 system of hexagonal 

columns. 

Neither the physical conditions nor the rocks are usually 
sufficiently uni form to ensure perfect symmetry, and die actual 
result is ,1 set of column® with from three to eight sides, six, 
however, being by far die commonest number. Vertical 
contraction is relieved bj' cros* juiiita, which a re generally 
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either concave or convex, and the columns arc thus divided 
into short lengths. T he resulting appearance of well-trimmed 
masonry is often remarkably impressive, as in the tessellated 
pave men l of the Giant’s Causeway, and the amazing a re hi* 
lecture of Fingal's Cave in StaJTh (Plages :t and Mb). Com¬ 
parable. but usually cruder and less regular columnar jointing 
develops during the cooling of sills and dykes. In a dyke the 
cooling surface, arc the vertical walls, and the recruiting columns 
art therefore horizontal. 


Faults 

A fault is a fracture surface against which the rocks have 
been relatively displaced. Vertical displacements up to 
thousands of feet and horizontal movements up to many 
miles are well known, but iu no ease is then: any reason to 
suppose that the total displacement occurred in a single 
catastrophic operation. Earthquakes commonly result from 
sudden movements along faults that are still active, but the 
fault movements arc rarely more than a few feet at a time. 
The various- tyj>« of faults depend on the relationships between 
the three principal stresses referred to on page ftp, assuming, 
of course, that in the circumstances of each case the strr» 
difference is sufficient to bring about fracture and movement. 
The vertical stress may be due to gravity or magmatic pressure, 
and the horizontal stresses to lateral earth compression or 
tension. Three types of faults occur most commonly, but the 
dmib given below by no means exhaust the possibilities, 
which may be UiritaJistligly complex. 

In Conner tinu with the inclination of fault planes, it should 
be kept in mind that shear planes curve towards die locus of 
least resist an re. 'This is well shown by landslides /Fig. 03 ), 
Wten^ Pawn* Canal was dug, the materials supporting 
the hillsides were locally removed, and there was much 
downward slipping along concave surfaces that began steeply 
on the heights and curved round to the horizontal at the level 
ot Die canal floor. On the other hand, the direction of least 
resistance may be far below the surface, just where it might 
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he Thought that the obstruction would be irresistible* This 
possibility arises when there are dowi^drsagging mnvemcnn 
io progress in die depths. 

Tiie tides of 41 dean-cut fault plane may be polished or 
striated by friction between the moving blocks ; mch surfaces 
are known as siuktwtdti* Sometimes* instead of a single 
fracture, there arc two or more, forming a ?.trip consisting of a 
sheet of crushed rock of variable thickness* This is dis¬ 
tinguished a $ a fmtft zonr f and the shattered material within is 
celled a fault famV. 

(o) Journal Fault* (Fijgs, 3D and 31 and Plate Ufa}* — The 
vertical is the greatest of the three. The resulting fracture 
is generally inclined at an angle between 4iF and the vertical. 
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The beds abutting against she faulL on its upper face or 
" hanging iviIJ p * are displaced downwards relative to thutc 
against the lower face nr " foot wall/' The terms “doYradtrow" 
and " upthrow * for the two sides are* of course, purely relative. 
In faulty recently active the fiioiwaH Is exposed at the surface 
as a fault sciirp, and survey measurements sometimes show ibat 
both sides were uplifted ; one, however, being heaved up more 
than the other* More usually, the Two sides have moved in 
opposite directions* Normal faults involve an extension of 
the lautied beds. A boring through the fault would fafl to 
penetrate tome particular bed altogether, passing between 
its ruptured ends. Sudi extension indicates that freedom of 

19 
















ARCHITECTVftAI. FEATURES OK THE EARTH'S CRUFT 

movement was possible towards die direction of least resistance; 
the minimum stress in many cases appears to have been a 
tension, involving st retelling instead of compression. 

'V') Rtutlit t>t TktUit Fauttt ’Fig. 3£j.— The vertical stress 
is the least of the three. When the resulting fradurc is inclined 

at an angle between 4JV V ' and 
the horizontal, as it often is, 
the corresponding faith U dc- 
scribed as an mtiihntst. High- 
angle thrusts or reverse limits 
are, however, Rir front rare. 
Bui whatever the angle, the 
beds on the upper side are 
p [n tlirsist up the fault plane rda- 

ftei-rv (*; fmii f tsse in those below. Shorten¬ 

ing of the faulted area is thus 
involved, aid the operation of powerful tang ential compme 
sion obviously indicated. In overtimnts the upper block 
may be driven forward for many miles jFig, 33). As already 
fmmted out (page 78) overtlirusts commonly develop along 
the middle limbs of recumbent fold a, in the Alps and 
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Other great momu rt in ranges enormous ovmhmst folds and 
ovrnhrmt Ul^ls have been propelled Tar from their original 
root,, such fer-travdled rock-sheets are culled a *pp tt . Along 
ir thrust plane ri Jam 10) of a great overthna* or nappe the 
t rushing very severe, and a hard, streaky, or banded 

ruck, to which the name mjfailt h given, may ultimately be 
produced from the pulv«n«ed and tulled-out materials Fig. 34). 

%Uj 







II-ATE |ft 


T— 



EtfJ/p tirftiJi 5 HFwy 

Thmil plane in Oumbiim Itinttioue* rapcttrd by rivet rn&inu 
Kftrr, I n rhn.i■ SimEI, Snth«rkn4 








run LI 



.It. HtLk 

i.\ Duknbc dyke cmXWR Utalk aihd I-*j.;irv hv.ill Uvai, tUvr liill r tfc-Ji.nr 



mt D>kr 1 UTiiii” bn-tria, K'lwati fttv, Colinuy ^ ' 


TIAR rAt«.T5 



Fm. ,11 

rtiotnmirfi)(TTHfili of myknilc formcit from LrwiHKq JJftriiu 
jimin * UifUil pLuu! titiM t-wfiwd f JwsrtJiH-Wnl EtiRhldntli 


(c) Ttar Faults (Fig, The vertical stress is inter- 
nirdLitjc between the maximum at id minimum homontal 
stresses. Hie resulting movement is predominantly horizontal, 
lltr fracture being vertical nr nearly so. Tear faults are 
commonly developed in nappes, where they- naturally arise tf 
one part of a nappe has fteen driven forward further than the 
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"IV.ir fault ; *fa. known try ihr 
tin in jfmn ^'fxnf t*r iml/xjtiA 

fault 



adjoining parts. Other tear faults appear to he due to rota¬ 
tional movements (about a vertical axis) of certain crustal 
blocks relative to their surroundings. Kadi individual move¬ 
ment is .1 small jerk, like dial of the bauds of a clock plat ed 
hormiually, A sudden jerk of this kind along n tear lault 
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AftCHtTECTOKAL FEATURES Dl THE EARTH** CRUST 

hundreds of iniics long earned the earthquake «hat wrecked 
Sun Francisco k KHW, Roads, fence), and water mains that 
(nosed the laith were cut through mid the ends displaced by 
several fret. During in; hlatory a cumulative movement of 
many miles has taken place along this fault. On the Pacific 
side the apparent movement is towards the north, as if the 
Pacific firmr were moving in an anticlockwise direction against 
the North American continental block [cf, Fig. 181 ). 


Modes or Occurrence or lux rot's Intri’siosj 


The forma and uitiindev *>f igneous rocks whirli have been 
injected into crustal rocks largely depend mi their relation to 
the parting plane* of the invaded formation*. This is seen 
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tnosl clearly when* the strata have remained horizontal or have 
been only gently tilted or folded. One of the commonest signs 
of former igneous activity is pfovidtd by t ke waU-iilte intntvimis 
cdled 'Mtf (Tig, 36 and Bate 17 ). Here the magma has 
ascended through approximately vertical fissures, farcing the 
walli apart it rose, and so, no cooling, becoming a vertical 
shrci of rock with roughly parallel sides cutting across the 
bedding planes. Such intrusions arc said to be ImisgrtStiEi 
or difmdimt. In certain cirenm stances Lhe magma may open 
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SJIXS AND DYKES 


Dp a passageway along a bedding plane, making mum for 
itself by uplifting the overling rocks. The resulting tabular 
sheet of rock (Fig. 3?) b called nsiti | Anglo-Saxon, syt, a ledge). 
Intrusions that are parallel to the adjacent stratification arc 
said to be concordant. 
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Dykes vary greatly in thickness, from a lew inches to 
hundreds of feet, but widths of live to twenty feet are most 
common. There is also great vanation in length, as seen at 
the surface, from a few yards to trumy miles. Dykes an- very 
numerous in some regions afjgneous activity. Along .1 lifirni- 
milc stretcit <4 tile coast of Arran, lor example, a swarm of 
dykes can. be seen, the total thickness of the dykes being 
Ml® feet. Here (lie local extension of tin: crust has been mure 
than one mile hi fifteen. Farther north, fcu usrti on Mull, 
there is another great swarm of dykes, some of which can be 
traced at intervals across southern Scotland into the north 
of Fnghwt |’jg. 38 . Most of these dykes are dolcrit^ of 
various kinds, though along the margins the ruck is generally 
of finer grain, owing to chilling by the walls, and may be basalt 
or even tuhylyie. The wall rucki themselves slum the dice is 
of thermal mctamorphbm, Coal teams in contact with dykes 
are reduced tn ,1 hard mass of natural coke. When a dyke is 
more rru-it.-tnl to went be ling and erosion t han its walls, ti 
projects as a prominent ridge, sometimes running across the 
country lilt: a wall. On the other hand, if the walls are more 
resistant, the dyke is worn away [t.g, b> sea waves) into a long 
narrow trench or cleft. In its ordinary mage, the w ord " dyke ,r 
may refer to either a ditch or a wall . cj. Fig. 30', 
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The i husk: oamjik r.r a o the Great Whin SilJ of the 
north ol England (frigs. 3 h and to). fj-Yirn or whim lent is a 
qnarryman irmi for .ins dark-roloured rock, such as basalt 
or d nitrite, which cun lx- used as road-metaL Beginning in 
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the north nf Northumberland, the surface outcrop of the edge 
of the \\ hin Sill swings round In tfrtc castled crags ofBambureh 
and seawards ,o the Fame Island*. Appearing again on L 
coast below the ruias of Dumtanbtllgh Castle, it dm be fol¬ 
lowed across Northumberland towards the River North Tyne 
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AaciinrnrotAi. fe atl-rf? of the earth’s crust 

Then foi miles its ilUcd ami wca(ht-r-waro scarp boldly fates 
die nnrilj {Plate IKa)> and here, with an rye far the best 
defensive line, the Ruinous carried their famous Wall along 
its crest. T"> the south-west it outcrops in the alleys that 
notch tile western margin of the Pennies, Inland from the 
excused edge, the Upper Tees cuts through ii iti the waterfalls 
of Cauldron Snout and High Force. Near Durham it is en- 
eOunlerrd in deprh, over a thousand feel hdou the surface. 
J he thickness of the sill varirt from a few feel, through a 

gtmTal average «f neatly .feet, to more than 2W> fori. In 

places it divides into two or more silk at different levels, and 
locally it betrays its Intrusive character by breaking obliquely 
across the strata frutn one set of Ixds to another. This observa* 
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lion proves that the Whin Sill is not a la™ flow, and further 
evidence of this is provided by the fact that the rocb above it 
are metamorphosed, as wdl as those below rigs, is and &s»). 

Instead of spreading widely as a relatively thin sheet, an 
injected magma, especially if it is very viscous, may find it 
caster to aith up thr overlying strata into a dnme-like shape 
(I'ig, 41). Such intrusive forms are typically developed to the 
east of rhr Rockies, u line they were fim descritwd by Gilbert, 
who called them ittmlilkt (Gr, latioi, a cistern, litheu a rock). 
1 here art Tew good examples of laccoliths in Britain, though 
many slocks have Iwm wrongly called laccoliths. Stocks are 
discordant intrusions, whereas laccolith*, Jib sills, are con- 
cardanfc 

Intrusion^ which on Un wli-rdr arc * rmt ftrrhml antf hive 
a sauccr-like form, arc dbtJn K tuihcd a, hfulitki Gr. lopas, a 
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shallow basin). Thr- best-known examples arc of extraordinary 
dimensions, the largest, that of the Bmhvdd in South Africa 
(Fig. 41!), being nearly as extensive in area as Scotland. The 
sagging of these great sheets would seem to be an inevitable 
consequence of l he transfer of enormous musses of magma from 
the deptlis to the upper levels of the crust. 

When magmatic pressure Ls exerted upwards from a mure 
or I™ cirrular area in depth like the s.-p .-f .. dome), the 
resulting cracks in the overlying rocks may l>r either radial 
or concentric, according to circumstances. Dykes, arranged 
radially ncnir around certain volcanic centres from which tin- 
outer cover of lavas and p> rod ash has tieeu stripped by 
denudation. Ring-shaped intrusions are less com moo, bid 
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arc characteristically developed around I he intrusive centres 
of the west f>t" Scotland and the north of Ireland ffthown 
in Fig- m). In die type thought to be due to magiruitic 
pressure the fractures have the form of an inverted cone. 
Uplift or an inner cone relative to an outer one involves 
opening of the crack between them into a fissure* Injections 
of magma then enc a series of romcnfrii shells, dipping iji- 
wards* as ill nitrated in Fig- Conr-shuh, m these intrusions 
are called, are remarkably well duphynd in Mill I, Ardna- 
murchan* and Skye* 

If* an the other hand, the upper rocks are left relatively 
unsupported, they fend to break along Concentric fractures tike 
those shown rn Fig* -M. Subsidence then opens the way for 
injection of magma. The resulting intrusions ate t: ailed rinf- 
| they differ from eonr-ahrets in being nearly vertical. 
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dipping outwards at rtccp angles, and also in Ijcing much 
liiiritcr. No vs rln'rir two characteristics are obviously mutually 
inconsistent, since sinking of a cylinder or itccp-sirkd cone 
I'Oulrf nor j «>SJtbly niakr room f*jr the very thick ring-dykes 
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RATilQUTUS 


that are actually known. The ri 113-dyke* mint, tlicrdbre, have 
been emplaced by dliter displacing or rtpittdng the wall-webt 
of a ring-fracture, or the rodu lying between two or more 
concentric ring-lrLictutea. How this difficulty ran br met hc 
shah consider in connection with bat hoi it h\ where the “ space 
problem ” ha? to be squarely fated. 

BathdUhs (Or. bathos , depth) are gigantic masses of essen¬ 
tially igneous rocks, generally composed of granite or grauo* 
diorite, with highly irregular dome-like roofs, and walls that 
plunge downwards su that the intrusions enlarge in depth and 
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appear to be without visible foundation* Fig. (5)* They 
occur in the hearts of mountain systems of ail geological ages 
and are seen wherever denudation has cut down sufficiently 
deeply* Although in detail their margins are markedly dh* 
conduit towanls the surrounding rocks, they are generally 
elongated parallel to the general trend A' the mountain 
systems in which they .*re found* Some of the tauhohtta of 
western America have been txpoacd over lengths of many 
hundreds of miles, the width Iwring usually about -i tenth of 
the length or less. 

Smaller intrusions of similar tyjM^ but le&s elongated and 
with areal dimemiiom of only a lew square miles or less, are 
called Hoiks. Manv of these jic probably ufT hoots from under- 
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ARCHITECTURAL FEATURES OF THE EAHTJl'i CRUFT 

lying IviihniiilLs of which only the highest parts have berm 
exposed to vie a by demtdattan. Mining operations have often 
shown thb to lie ilie ease. When a »tock has a roughly circular 
outline, like the Shap granite of Westmorland, it U \uractimt< 
referred lo as :t fr/jjj. 

Some example; of stocks and bosses may have come into 
position by a process called (aulsliott ivbiidtnct. Part ul the 
cylindrical block <if country rock cndnsi'd within a vertical 
ring-dyke may founder into the underlying magma rrarrvnir, 
Whale volcanoes art .uttive ,il dir surface, The space between 
the lava rool and ilir r-snikeu block fills with magma which 
consolidate- u, tuy, granite. On denudation (he boss of granite 
is revealed by the removal of the volcanic rocks. In Glencoe 
there is visible evidence oft the hillside; that such subsidences 
have actually cHeiimd, In recent times a similar process, 
involving the col lapse of the roof itself (f,<. of part of a volcanic 
tone), has been responsible for the formation of giant volcanic 
calderas \cf. fig, liHij, 

Tile Emplacement op Bathouths 

Cauldron-subsidence cannot be the met hauism by which 
batholiths have Ireen cm placed, because many of them still 
retain patches; of their original tool' of country Tficks. More¬ 
over, die mechanism implies the presence in depth of a magma 
reset voir of bathulithJc dimensions which itself calls for ex¬ 
planation. As in the case of thick ring-dykes, the question has 
to Ire faced : What has happened to the crustal rocks that 
formerly occupied the space now taken up by the haiholtlh ? 
If the baihdith was entirely formed by the consolidation of 
magma that ascended bodily from below, then the pre-existing 
rocks must have been displaced upwards, sideways, or down- 
ward?.. But only a part of the space required can 1>c made 
avaibblr ill wa> s like these. Observations of rool .mil wall 
show that Outward displacements of the countrv rock, do occur 
but only on .» relatively small scale, such as would be inevitable 
aroiint: ,m; targe expanding mass. 

Downward displacement seems at find sight to be mure 
* 9° 


EHFLACEMEMT OF BATMOL1TU5 

promising. Thi# involves shattering of the roof rocks by 
thermal expansion, <lh lodgment of thr fragments by the 
penetration of gases and tongues of magma into craths, and 
fiitiilly tlic cngulftnent and sinking of rite Mocks. This process 
is trailed magmatic doping. Inclusions of country rocks of all 
sixes, more or less intensely metamorphosed, arc often pre¬ 
served in the upper levels of stocks and balholillis. They arc 
known as xtnulilfis Gr. xtnoi. foreign). In depth, however, 
they become gradually smalic: .mil less numerou . and more 
and morr like die granitic rocks enclosing them, until finally 
they disappear altogether. Fii'idritily they have been in¬ 
corporated into the granite and the space problem remains. 
Moreover, long '* islands " of country 1 rocb like thfise of the 
mctamorpliic aureole can somrtimes be recognized in the 
granite, their structures remaining in continuity with those of 
the bordering country rocks, though they may often be no 
more than vague shadowy outlines. Seen through a veil of 
granitizatinn (Plate 11 b), Black metamorphosed dukritc 
dykes, older than the bat hold Ik, can sometimes be traced info 
it a?: partly qmuitizcd "* ghosts." Since thr heavy dyke i-r.eks 
did not dtik, there i» tut reason n> suppose that the associated 
metamorphosed sediments could haw done so. 

The Moping hypothesis has to face another serious difficulty. 
If granite magma ascends in great hulk towards the surface 
in this way, it should often have broken clean through the 
crust to form gigantic volcanoes erupting rhyolite and obsidian 
and the corresponding pyrodasty. But this Ii,ls very rarely 
happened, as the retention ■»! the original roof clearly proves. 
Moreover, if granite magma rose Iron-, the dept lu in quantities 
corresponding to the enormous volumes of bfiiholjtlu, tt 
would be by far the most abundant <>f all magmas, lit ibis 
case rhyolite should be the most j hunt hint of .ill volcanic 
rocks. Hut it b nm. Although granite and gramxltnritr arc 
easily the commonest of plutonir rocks, if is basalt that is the 
commonest of the volcanic rocks. Thb striking fact strongly 
suggests that the volume of actual magma concerned in the 
development of batholiths was relatively small in comparison 
with their enormous bulk. 
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ARCHITECTURAL hiattjrej ot the earth’s cjutst 

Since we cannot solve the space problem by * inking the 
pre-exUdng rocks out or the way or by pushing them upward* 
nr ■tideways, it fritltm* that .1 high proportion nl the material 
of the (1 rig in. 11 rock* must still hr there, though now trans¬ 
formed into granite .inti associated types nf igneous rocks. 
Every positive line of o irfrucc supports this; view, including 
that already summarized on p. 65. Apparently the original 
rocks were not invaded by granite magma as such, but by 
hoi grutii tiring Quids rich in gases, These soaked through the 
rocks, changing their tom position, metamorphosing them with 
an intensity that reached uhrametamurphUm, thereby leading 
to the generation of granitic magma in tUa, and rendering the 
whole maw mobile, so that it became igneous, 


SUGGESTIONS TOR FURTHER READING 

J. Giusn ifiiwd by R. Campulu, tind R. M. Chau.: 

Shtrtwa! mJFitM Gtokgy. Oliver ami Boyd, lalirilnugli, inyq. 

C. B. Baovvs and F. Dt eh ntiau 
Strut tin r at\J Stirjwt. Arnold, London, 

B. Wu i is and R Wn.t.w 

Ci/'Jiigic Sfrztitwrs. MeGraw-HOJ. New York, ir^p 
E 5 . Hills 

Omlinti of Structural Gtoiogj. Methuen, London, uypj. 

C, M Ntm 

Pri/Kipln of Structural Gttthgy, Wiley and Sow, New York, 154®. 

F. H. Lmier 

Fitid Gmlngy. McGrsrw-HiU, New York, 1041, 

R A. Daly 

k»enu and thr Dtpiki of Du Earth. McGraw-Hill, \Yw York, 
, r !)33- 

dnhittiUtt* of tfo Eorth. Applcton-Ontnry, New York, iggB. 

E. M Aaoeilhon 



Chapter VI 1 

ROCKS AS THE PAGES OF EARTH HIS I DRV 
Tjjji Key to the Past 

So far wr have dcah with rocks <u materials which have been 
formed from pre-existing mate rials by the action of geological 
process**. Rocks are also the pages of the book of earth 
history, and the chief object of historical geology is to (earn 
to decipher these pages, and to place them in their proper 
historical order. The funciamriitui principle involved in 
reading their meanings tv as finl enunciated by Hinton in 
17Ka, when lie declared that 11 the present is the key to the 
past." Rot ki and clmnmtcrisdc associations of rocks, with 
easily ret: ngi livable pecnliaritli* of composition and structure, 
are observed to result from processes acting nt the present day 
in particular kinds of geographical .mil 1 I i malic environnicnts. 
II similar rocks belonging to .■ former geological age are I mind 
to have the same peculiarities and usmebuimw, it is inferred 
that tltey were then formed by the operation uf similar pro¬ 
cess® it! similar environments. 

We have already, .is 4 matter of ordinary common sense, 
hud occasion to apply this principle. The presence in a lime- 
stone of fossil cor ills or ammonites, or of the shells of other 
marine organisms, indicates that the limestone was deposited 
on the sea floor,, and that what now is land once Jay beneath 
the waves. The limestone may pass downwards or laterally into 
shale, sandstone, and conglomerate. The last of these represents 
an old storm beach, and it indicate* dir short- line where land 
and \ra > .irnr together. Elsewhere, old lava flows represent 
the eruptions of ancient volcanoes : bed* --f rock salt point to 
the former existence of inland sciis that evaporated in the 
sunshine ; seams of coal, which are the compressed remains 
of accumulations of peat, suggest widespread swamp and 
luxuriant vegetation ; and smoothed and stria ted rock surfaces 
associated with beds of boulder clay prove the former ex- 
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1 eastern of glacial caudititint. In every case the characters of 
older formations are matched with those of rocks now in the 

making. 

Even thr weather may be recorded in thr structures of the 
rocks, A brief rain shower falling on a smooth surface of fine* 
grained sediment leaves its marks as little crater-like pitting* 
known as rnifl ptinti. Sun cracks develop in die mud flats of 
tidal readies nr flood plains when the mud dries up and 
shrinks I Plate IUa). Occasionally it Itappens that the poly¬ 
gonal crucks become filled with wind-blown sand before the 
next tide or flood sweeps over the area. Then, instead of being 
obliterated, they have j chance to Iwcome permanent. Thus 
it comes about that similar structures are preserved in older 
beds of corresponding origin (Plate H>b). As far back as 
geological methods can bo applied to the earths history, such 
relics of" fossil weather " prove rhat wind, rain, and sunshine 
have always been much the same as they are to-day. Never¬ 
theless. the distribution of climates over lhr earth's surface 
hat varied in a most astonishing way. 

In our own country the work of former ice sheets and 
gbcim is still written conspicuously in the landscapes and 
superficial deposits left behind when the ice began to retreat 
about 2Q,tMH) years ago. In striking contrast, the very much 
older clay through which the London tubes are bored contains 
remains of vegetation and shells and reptiles like those of the 
modern tropics. In still earlier periods there is evidence of 
desert conditions. Elsewhere die vicissitude;, of climate art 
equally startling. In India and in central and southern 
Africa there is dear proof that while Britain was a land of 
swampy, tropical jungles (the time of coal formation) these 
lands were buried under great if e sheet* like those of Greenland 
and Antarctica at the present day. in Greenland, however, 
the older rocks contain remains of vegetation that could have 
grown only in a warm climate, while near the South Pole 
C-iplain Si mt found beds of coal, pointing to conditions very 
different from those of to-day, 

UV may nrxt turn to certain examples of Hutton's principle 
which can be applied to problems connected with earth move- 
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incuts, WIipii sand is (Jcptarilvil from current % of sliaJlow water, 
shoal, and sandbnnkv urr often hni.Ii up. The bedding of a 
growing sandbank follows the gently curved dopes on which 
the sand is dropped, siring a pattern in cross section which, 
under ideal conditions, resembles (hat shown in Fig, 48 a, 
With changing conditions, possibly during a storm, the upper 
part of the sandbank, is swept away, and the bedding planes 
are sharply truncated by an erosion surface such ,\s All, 

L.iicr ini, another group of sandbanks is likely to he do 
posited uu die ll.it surface dun provided. So, ill a quarry or 



S®r*fom 1 ” iHuUlSaJr rum-tit totfdmjf uul in riljtr in (trlentiim)r« whether a 
bed h rivtiL wav up or sjpsiiJc down 

^ Dtr fiEriTDbbdiiliiif im*r lure it cpinplnr 
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iRjuratrd n nrr n t - bedding palltm is tbt rijjhl way up 
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cliff exposure of an old sandstone, we may find that within 
certain hands die bedding k oblique and variously inclined 
to die general lie n of die forma Lion as a whale (Ptait 20 a) i 
This structure, which is original, and tioi due tu tilting or 
folding, is called *mii bidding «r current btidmg* Sand dmlcs, 
accumulating from wind-blown sands, aha exhibit <:n»a 
bedding i die pattern of which reproducer, wholly or in part, 
the characteristic outlines of dimes (Fig. IS?), 

Now we may take a further *irp., On page 75 it W'aA stated 
that «?mr of the rocks ol Scotland are upside down for many 
miles, and the reader may well have wondered bow such a 
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a acts as the paces ok earth history 

thins tail known, Hutton’* principle cannot be applied 
dliwitly, became no-oilc lias ever witnessed rocks being turned 
upside (Jriivn by over folding. Here, bov ver, ems bedding 
corner n> mu aid. Fiji. Id|> %how- that when the upper pari 
of n sandbank i.- removed by erosion the crosi bedding that 
remains is abruptly truncated at the top, whereas at the bottom 
it curve* gently into the main 'iraiiftraiion. The mm curd 
top and the original fir m if of the band of sandstone arc clearly 
distinguishable. At Kinlochievcn and other places in Argyll¬ 
shire observations of cross bedding show that the floor is now 
abvtr the truncated top :as in Fig. 4lic). The beds in which 
this inverted structure appears are therefore known to lie upside 
down. 

Ripple marks., like those seen on a beach after the tide has 
gone down, are often preserved in ancient sandstones. Desert 
sands arc often beautifully rippled by the wind (Plate (Sa), but 
flom the nature of the case wind ripples are very rarely pre¬ 
served, Ripple marks formed by the hwmd-fro movement* of 
wald have .harp crests and rounded troughs, and trmsc- 
ijumily tin top and bottom ui any lied of sands tone in which 
they occur can ea.dtv be recognized. Where such ripple* 
remain in formations that have been disturbed by severe fold- 
htg, they, too, can be used to determine whether a particular 
bed is upside down or not Plate 20 b b 

Therr .jit, of course, certain processes and rocks to which 
Hutton's principle cannot lx* applied. It is impossible to 
observe granite in the making, nor has it been found possible 
to make granite experimentally. Precisely ft.r these reasons 
the problem* associated with the origin qf granite and other 
piu tonic rocks have long remained matters of speculation, and 
therefore of controversy. In the circumstances of the ease the 
present provide* no key to the past. and all we can do is to 
suggest processes of diffusion, magma formation and crystal* 
liratinn. which art* com is tent with the structures arid relation¬ 
ships of the rocks in ijuntinn. Since the available evidence Li 
often difficult to interpret, there is often u choke between rival 
possibilities. Moreover, the earth's internal behaviour is not 
Untited by nor present knowledge of physics and chemistry. 


SUCrt-UjOS' OY STRATA 


We have certainty nci right u» aviumr that all the posttbilitio 
have yet been dLwiivcfttL [i h therefore not »urpri*ing ihnl 
attempts to rever** Hali n' principle md use ihe paat as 
the key to the present hacc so far been only partially successful* 


Tm Succession or Strata 


To place all the scattered pages of earth history hi their 
projier chmnirli^ii m 3 order is by no jiumii* an easy task. Hie 
stratified rock* have atx mmjiitrd layer upon Layer, and where 





Fm. i“ 

Swiitin iffim 1tsn> -rinaffb 4nrt i*t fivithfilllftm, •tinwfflf lW hinr.itifotinity 
Ijrttami tl/r (^elMiiiUboiti tknb Bikd liar hilriucl^ t^lticd Lfiv.tr 

FmIrcm&uk HI 433 IkIow. I riRrn irnimi I* 1 utiJri. fl .f U'taV 


a cajitinuout succession of (1:i trying beds ran hr utu, as on 
thr slope! of tiigtfrhfircHjgh (Hg, 47) f where there hii> been no 
inversion of bed? hv mxrilfjJding <wr repetition of beds by over- 
thrusting* it is obvious that she lowest luh Ate the eldest, and 
thaw at the top of the serirj the youngest. Where .i series of 

toVnte c&*&ktk Ckhiftm 


fcj ^ Sc * - Pi feh, ;3 



JWTmn fniiri the ALihrm Mill- rite OiUkrn Will 
I. fnsTrtraii' Pfi-t ™J C4Ufil3rhii> t Triavvw V s.u 

i. Lutorf OuSiitt JL Oxford Ovr W (jmilllili #. KliunbcriiEit? t'lav 
tWiUi>ii lp 4 ■ »l!i and E I ptitpiiitkI 30 CJraik 


beds ha* been tilted, a* between Gloucester and London* the 
worn-down edee* of toyer $ifter layer come in nmi to the surface 
and n become- possible n> place a long mccessiDn of baft in 
their proper trqilGmrc l ie* Hi 
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HGCE3 AS THE PAGES OF EARTH HISTORY 

Around Inglcbmrmgh llit- 3 real limes lone platform of the 
Pennine can lie traced 1 iver a wide stretch of country* but 
where thr streams have cut through to iu lw, the limestone 
b found to lie on the uptumd edge* ot strongly Folded And 


DepGSiHon of 
Sedimenl's 





3 Plain by DwjdSior^ 



Flu 411 

DukSframi »i* Jilmlralr inn^rrWr nifm it. Ilir iWbpmnu an iinrfmfttrnriSY 


Widdy i leaved beds* as shown in Fig. 47 and Plate 3 1 a. Here 
thrrr is evidently a sudden break in the continuity of the 
record* Such a break, which may represent a very long 
interval of geological rime* 1. called an untonfirtintY, The beds 
above the break in the sequence nrr naid to be conformable^ 
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SIGNIFICANCE OF FOSSILS 

and to rest uneonfounably on the ittcb below. The latter 
consifit of gritty sandstones and -.latv shales. After their 
deposition on the sen floor as newly formed sediments, they 
were laterally compressed into folds in the heart of an ancient 
mount air i range— :i range which extended throng hunt Scandi* 
navia and much of the British Isles, and is known to geologists 
as the Caledonian range becaioc much of Scotland is carved 
out of its contorted locks. By denudation the folded grits and 
slates were gradually uncovered and ultimately reduced ro 
:ui undulating lowland. Then the worn-down surface was 
ftihtnergcd imieatli the -ea, to become the Boor on which die 
horizontal sheets of the Pennine Jimrsioncs were deposited. 
Successive *.t,igcs of the events which occurred during the time- 
gap represented by the unconformity are shown by the dia¬ 
grams ot Fig. 4fl. 

In general terms, every on conformity is an erosion surface 
of one kind or another, representing a lapse of rime during 
which denudation (including erosion by the sea) exceeded 
dqKwitiou at that place. If sediments were deposited there 
during Lite interval, they must subsequently luvc been removed. 
The time-gap i* likely t*> bv represented h\ .(rat.i somewhere 
che -■■■ Plate Slip, and our urxl problem b how l'ira>igni3C 
such strata if ;vc find them. 

The Sir.Niik.ANCf of Fusils 

Tlie solution of thin problem was the grc.il achievement of 
William Smith, a land surveyor who was bum near Oxford in 
17G9. As a boy he collected fossils from die richly fossilifcrous 
beds near ids home, and in later years he carefully collected 
Sniff > of ib«ils from each uf the sedimentary formations repre¬ 
sented iu Fig. 4#. He found that wliilc some of tin- fossils in 
any particular Inal might lie the same as tome of t h ose from 
(hr bi ll, above nr below, ollien werr tlrtimu I> distinctive. 
Each formation had. in fact, a suite of fossils peculiar to itself. 
By I7PH, when his dudes had taken him further afield, be had 
examined ail the formations from the Coal Measure; to the 
Chalk, and everywhere he found the some types of fossils in 
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CORRELATION Of STRATA BV KlSStLS 

tltc same formations anti difiejniit Mikes of fossils In different 
tomiatious. Smith had discovered that the special assemblage 
ol fossils representing the organisms that lived during a.certain 
interval of time never occurred earlier, and never appeared 
again, lhr relative age. or position in the lime sequence, of a 
formation could rhiit. be ascertained from its distinctive fossils. 

The principle of identifying the ages of strata trv their 
foesili lias now been firmly <s La blushed all over the world. Strata 
ill Europe mid Australia, For example, are tuiw known to be 
practically coiuttaporxmcouj if ilicy contain similar mitt, of 
fossils. 1 he time required for the migiaiinii of a particular 
Species from one tt^rnn to anal her does not introduce any 
practical difficulty, because ihr intervals represented by even 
the siu.ilhst division:, <i| geological time ran into liuiiclrnh of 
thousands or even millions of yeans, w hereas the lime required 
for migration i> relatively short. Everywhere the sequence of 
fi writs reveals a gradual unfolding of diilercat forms of life, and 
thus it becomes possible to divide the whole oft be fossil i rennet 
stratified rocks into appnoprihtc divisions, each division having 
its distinctive fossils and a definite chronological position. 
Examples uf some i harm term it fossils are illustrated in 
Fig. rtO, 

The Geological Time Scale 

As the book of earth history is immensely long, it has been 
Found convenient to classify in outrun in much the same way 
as a long book Js divided into volumes, •-hapten, sections, and 
paragraph... Two sets <>f term* art: employed for each division, 
because it is essential for clarity of thought to discriminate 
between the strata themselves and the time-intervals they 
represent: 
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HOCK) AS T1IE PAGE-! OK F.AR1T1 HISTORY 


A coal scam, for f-utnplf, is fomattum, A great number of 
coal seams, together with the UsStKietel shales and sandstones, 
make up die una known ax the Coal Measures. Below this 
series comes the Millstone Grit, a series of massive sandstones 
am! grits ; and below this in rum a series characterized hv 
limestone formations. ‘Flic three series together constitute Lite 
Carboniferous jyrifjjj, ijir roi L 5 of w hich came Into existence 
ilurimr the Carboniferous prvwd. The biter, with five other 
periods, make up the PalflWaunc n&. 

1 lie table tm pagi ■ b>4 and )Oli shtis'i ■ lie- general scheme 
of rlassification hy era* ami period*. which was gradually built 
up by the pioneer workers of the last century. It trill tw 
noticed that the eras have names which broadly express die 
relations of ihr life farms then flourishing to diosc of the 
present day, Beyond the PaLtmicoie era there are enormously 
thick systems of rocks passing down into widespread areas of 
schists, gneisses, and granites, which form die J ’ basement 
complex ’’ of any given area. Only rare and obscure remains 
of life have been found in the less altered sediments of duse 
undent rocks, of no value for defining world-wide systems. 
The only collective name for them nil b Pu-Canibrim. 


loNror, Room axi» the Geolchhcal Tutu*. Scale 

T<» determine die geological »gi>. of igneous rocks it is 
necessary' to oliserve bow they occur in relation to associated 
stratified rods of which the agw are known. Volcanic 
activity of farmer periods may be represented by volcanic 
turfs or h'M flow?, either of which may be found on old land 
surfaces ru imrrbcdried with sedimentary bed.. In i| ir latter 
case the age oj the activity is dial of the strata containing the 
hi® or lavas. It is less easy to fix the ;igc of an intrusion. Hie 
inn n, ion must, of rout re, be younger than the Youngest of the 
invaded strata, and ii mu*t lie older than any beds subsequently 
depod ted on its wam-dowii surface. A di*«r upper limit can 
omedme* lie fixed by applying line .crinm that a pebble must 
hf older than dir mu glomerate jn which ir occurs. Pebbles of 
Simp granite, for exam pie, easily identified by die flesh-coloured 
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MEASUREMENT OF OEOLOCJCAl TIME 

porpbyriilc felspars \cf- Fig, 12)* occur in the conglomerates at 
the base of the Carboiiifcious system in Westmorland. The 
inthiMon is therefore pre-C^rbonifiawis, Siiti r the granite 
itself invade* Ordovician volcanic roi Ls and Silurian urduneiii^, 
it pi us t have bent emplaced cither Sate in Silurian times or 
during the Devonian period, The Ship granite is only one of 
an immense number of intrusions associated with the develop 
ment of the Caledonian mountain range, to which reference 
is made bdow (Fig, 51). Ju the case of the Whin SiJ| T the ilmr 
of intrusion can be fixed as late Carboniferous or early Permian, 
because ii locally cuts Coal Measures, and pebbled of it occur 
in a Permian conglomerate found in the Yak of Eden not far 
from the edge of tile Famines. 

Although igneous rocks contain tin fossils by which they 
cart lie relatively dated, they iQmdtDCt contain rare rv&v 
active minerals j and these, in favourable circumstance^ have 
preserved within themselves a record of the actual period 
which has etaped since they crystallized. Radioactivity is the 
process whereby the atoms of certain unstable elements lof 
which uranium ami thorium are die chief) break down into 
atoms of other elements l tb final stable end-prrxJutts bang 
ihe gas helium, .uid die Inert metal lead. Helium, firing a 
gas T tends to escape, but ihe lead accumulated Thus a radio- 
active mineral such as uramuitr, which begins it? existence as 
L'O^hai been engaged ever since in keeping a material register 
of time, after the manner of :m Inmr-gta^. Urarunitcs from 
comparatively recent igneous rocks contain very little lead, 
but in those from very old rocks as much as 10 or even to per 
cent, of lead may have accumulated at the expense of the 
uranium. Since the rate of production qf kad from uranium 
U known, it is possible hy making a diettucal analysis of a 
uraninile to determine it* absolute age in millions of years* 
0 thorium t also present in the radioactive mineral, as it 
often i* t its output of lead must also be taken into coiuiidetaKirm* 
The expprsdoti Pb/ -lj-- iKlflTh) is called the feud-ratio of die 
mineral, the rymtads representing percentages of the detttems 
concerned ; the corresponding age in mill ions of year* h given 
approximately by multi piying the lead-ratio by 7JMHL 
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ftocx v a* the j’AHHi ay earth's history 

Provided rhiit (he radioactive- minerals haw remained 
unaltered since they crystallized, it follows that all minerals 
with the same lead-ratio are of the- same age. When the 
mineral used is known 10 have crystallized in an igneous rock 
or mineral vein at Lite time when the rock or van i inic into 
existence, its lead-ratio serves to determine the age of the rock 
or vein. II. in turn, the geological age of the lau-r is known 
from its relations towards the associated (mdlilerous strata, 
then the absolute age rorresponding to ihe geological age is 
also known fairly closely. The time-scale based cm the most 
reliable of the lead-ratios so far determined is given in the table 
on page Idft. 

Earth Movkhestj axo the Geguxhcae Time Shat* 

As indicated in I ig-Sl„ great moimt&imbtuMmg movements 
have been particularly active at certain times in the earth's 
history, during which the rucks or king belts of the crust were 
intensely compressed. Earth movements of this kind, and akn 
the resulting folded belts, arc described as etc&mie ;Gr. oras t 
a mountain). Mountain building—in the purely structural 
waise, without reference to the subsequent effects of denudation 
—t' also referred to as «mg/wm, und a time of mountain 
building is often called u tectonic or orogenk revolution. Nine 
such revolutions have already been recognized, three since the 
Ckunbriaii and six before (sec Fig. 52 ), with Jong interval* of 
relative quiescence between each pair, during which thick 
masses of sediments were accumulated From the denudation 
ol the lands then exposed. We are now living near the close 
of tile Orogenit fcvulmion of the Cainossoic era. Ideally, an 
era can be thought of ,u a cycle combi in g of one of these long 
intervals .represented by the sediments then deposited) tn- 
gi’iher with eF ie nrngmic revolution that brought it to an end 
(represented by Folding o| the sediments), Astuailv. however, 
die revolutions arc not found n> be strictlv contemporaneous 
m different pans of the world, and cowan leutly the time 
divisions so defined for one contuuatt w>uld net coincide 
exactly with those for other continents. 
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THE Dating of earth jji.ivivknts 

Onogenic movements arc rwqnrially uuii-crUml to the crust, 
Radial movements in which continental regions arc raised <n 
lowered, with hi lie folding, if any, arc distinguished as tpftn~ 
gfnic {Gr. eptttos, a continent}. Emergent lands and plateaus 
result from epeirogenic movements nf uplift* Widespread 
continents] areas arc uplifted towards the dose of each revolu¬ 
tion, and the lands then become, extensive and locally high* 
as they are at present. Epcirogrnie movements of depression 
lead to the development of sunken regions, of which the Black 
Sea and the Mediterranean basins are modern example. 

The marine sediments on the land also record flu etna ting 
ch a n ges of level, which no doubt must tie largel y ascribed to 
epeirogeme movements, A geolugiciil period is characterized 
by one or more invasions of die land by the sea, during which 
the marine bed* of that particular system were; deposited. Each 
invasion can be divided into (a) an advancing phase, as die 
sea overflows the slowly subsiding lands ; culminating in [£) 
the phase of maximum flooding of die lands ; ami [r\ the pli^e 
of retreat of the sea. As an era consists of several periods, if is 
evident that relative to sea level the lands may rise and fall 
many times during the interval between successive revolutions, 
Occasionally it hapjxuA, cither within a period or towards its 
close, that retreat or the sea u brought about by erogenic move* 
raentj iin a smaller scale than those referred to os revolutions. 

Each revolution or minor orogenesis is recorded in the 
geological time scale by folding of the rocks, and by die 
presence of an unconformity between those rocks and die im¬ 
mediately overlying sediments. ’Hie geological age of the 
folding is obviously later titan that of die youngest of the 
folded beds and earlier than that of die oldest beds above the 
m icon fortuity. Only the last three ur lour revolutions can be 
effectively dated iu this way. The earlier ones involved beds 
which cannot hr ifiled by m. ,.m ol fossils, and their ages can 
therefore lie known only Troni die lead-ratios of radioactive 
minerals. Fortunately, the hitler most commonly occur in 
granitic rocks that crystallised in the otogenic belts towards the 
do« of carh revolution. Cousequendy, when they do occur, 
they serve to date die revolution with which liiey are associated. 
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PART II EXTERNAL PROCESSES AND 
THEIR EFFECTS 


CuAjTEJt VIII 

RUCK WEATHERING AND SOILS 

WEATHERING AM> C .LI MATE 

Wrath KM St: is the total effect (if all ihr various sub-aerial 
processes that co-operate In bringing about the decay and 
disintegration of rocks, provided that ik* large-scale transport 
of the kwwciied products » involved, The work of rain-wash 
.md wind, which i- essentially rrorinnal, it thus excluded. The 
pmdurts of Weathering are, however, subject to gravity, and 
there is consequently a universal tendency on the part of Lhc 
loosened materials to fall or slip downwards, especially when 
aided by the lubricating action or water. It is, indeed, only 
through die removal of the products of weathering that fresh 
surfaces arc exposed to the further action of the weathering 
processes, No clean-cut distinction between weathering and 
erosion can therefore be attempted. 

'Hie geological work accomplished by weathering is of two 
kinds : ,n) physical or mechanical changes, in W'hich materials 
arc disintegrated by temperature changes, frost action, and 
organisms ; and [i) chemical changes, in which minerals are 
decomposed, dissolved, and loosened by the water, oxygen, 
and carbon dioxide of the atmosphere, and by organ is tils and 
the product of their decay. The physical, chemical, and bio* 
logical agents actively ctKipcraie with one another. Shattering 
requires *.[rc-= r-i powerful enough to overcome the strength of 
the inatrriab, but the latter is generally greatly reduced by the 
preliminary action of decomposition. Shattering in turn 
provide* increased opportunities for the further penetration of 
the chemical agents. Everywhere full advantage is taken of 


I'iSINTF.CJ RATION OF ROOKS 


the joints and bedding plane' which, together with the entitles 
newly formed, admit air. water, and rootlets down to quite 
considerable depths. Thus, although the processes of wt-.trlin¬ 
ing may lie con side red separately, it must not tie forgotten 
that die actual work done is the re.ult.tnt effect of several pro¬ 
cesses acting together in intimate co-operation. 

The materials ultimately produced arc broken fragments 
of minerals and rocks; residual decomposition products, 
such as day ; and soluble decomposition products which .ire 
removed in solution, l'he products of weathering differ widely 
In different places according to the climatic conditions arid the 
relief and configure dim of the surface. In general it may be 
said that disintegration is favoured by steep slopes and by the 
condilium characteristic of frost- ridden or desert regions, 
while dccompositiim and solution nrr favoured by low relief 
and by humid conditions, especially in tropical regions. In 
the temperate zones the weather is widely variable, and most 
of the leading processes arc to Ijc found in operation during 
one part of the year or another. 


DlSLVTKO RATION BY TeWERATTOU! ClIAN'GTS 

Frost is an irretUdhle rock breaker. When water fills 
cracks and pores and crevices in rocks and then Freezes, it 
expands by ten per cent- of its volume, and exerts a bursting 
pressure of about L\0*nl th, to the square inch. The rocks are 
ruptured and fragments are wedged apart, to become louse 
when thaw sets in, Steep mountain slofid and »lift*. me par¬ 
ticularly prone to destruction in this way, especially where 
joint 1 are plentiful. The fro-r-xhivemi hag limits Full in lower 
levels, and accumulate there as term of angular debris i Plates 
-2 and 23a), Above, the ragged sky-line rises out of the mins. 
Tfie screes of Wait water, the flying buttresses of Snowdon 
(Plate 54 b; ,and the great pyramid of the Matterhorn (Plate So) 
are familiar witnesses to the quarrying power of frosr. Tor a 
time die screes protect the lower dopes, but their permanent 
accumulation is prevented l>v landslides and avalanches. 
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transport try rivers .uhI gludere, and coast ctwion by (lie sea. 
In sub-arctic regions widr sht-re-platforms are produced by the 
co-operation of dir wave* with melting snow and frost m their 
ceaseless attack on ihr dills (Fig, 154). 

In arid Himato the cocks exposed to the bio. /inf; sun 
become intensely healed, and in consequence an outer shell 
expands and tends to pull away from the cooler layer a few 
inches within, fl the roc ks arc: appropriatclv bedded uf 
jointed, actual separation of a curved dull readily takes place, 
li the rocks are massive. they must first be weakened by 
chemical weathering, but sooner nr later rupture occurs. 
When ilic rocks cod down again, die resulting contraction b 
relieved by die development iff cracks at right angles to the 
surface, This pan of the process is facilitated by rapid chilling 
due to sudden rainstorms for in ihr rare downpours of desert 
regions the rain muy be near freezing-point, and even hail¬ 
stones arc not unknown. Shells and flakes of rock are thus 
set free and broken down into smaller Fragments, The dis¬ 
integration of pebbles is often cotispleuom iFLate 23b). In¬ 
dividual minerals swell and shrink and gradually crumble 
apart, especially in coar-r-graitird rocks likr granite. Even in 
temperate regions the effect of the sun u far from negligible. 
Building stones exposed r<> the sun arc found to decay much 
more rapidly than those faring north or otherwise in ihr shade. 

In desert and semi-arid regions and in monsoon lauds with 
a marked dry' season a characteristic effect on i he outlines of 
upstanding hillocks and peaks, especially where they arc made 
of crystal line rocks, is produced by exfoliaiitm, the peeling off 
uf curved shrill of heated rock. At edges and corner* ihe 
ruptures are particularly curved, because there the increase 
of temperature penetrates more deeply into the rock than 
where Ilni surfaces are exposed. .Sharp comers and projecting 
krusbl are ihr first U> lail awny, rounded outlines are developed, 
and' the hills become dome-shaped. On convex slopes, suc¬ 
cessive shells may tx- sa:n, overlapping like the til<< „ n a mnf, 
each ready to fall away aa fnon as it b liberated by tlie forma - 
tion of radial cracks. This effect Ls well seen in the inuihrrgt 
(isolated " island mounts) of Mozambique and other parts 
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OEGLOfJlCAl. WORE OF ORCAN'ISJB 

of Africa (Fig, (-14 and Plate <>5a), Sometimes after sunset 
tile bud report of a splitting rock and die noise of its fall 
down the mountain side can be lieard. 


The Role of Animals vmu Plants 

Earthworms and ether burrowing animals such as rodents 
and Inmites play an important part in preparing: material 
for removal l>y rain-wash and wind. Worms consume large 
quantities of earth for the puq>ose of extracting luod, and the 
indigestible particles are parsed out as worm-casts. In an 
average soil tftcrc may be lDO t fHXl ironns to the acre, and in 
the course of a year they raise ten lot fifteen ton? of lindy com¬ 
minuted materials to the surface. 

The growing rootlets of shrubs and trees exert an .dmiMt 
incredible force as they work down into crevices. Cracks are 
widened by i xpatisioii during growth (Plate 4s) and wedges 
or rock are forcibly shouldered aside. Plants of all kinds, 
including fungi and lichens, also contribute to chemical 
weathering, since they abstract certain elements from rock 
materials. Moreover, water containing bacteria attacks the 
minerals of m k> and soils much mure vigorously than it 
could do in their absence. The dead remaini of organisms 
decay In the sod largely as a result of the activities of bacteria 
and fungi, hi this way carkm dioxide and organir acids, 
together with traces of ammonia and nitric add, are liberated, 
all of which in crease * fie solvtn t pn wer of soil-water. The chief 
organic pnxlutt is a " complex ” of brown jelly-like substances 
collectively known as franur. Humus is the characteristic 
organic constituent of soil, and water containing it can dis¬ 
solve small amounts of certain substances, such us limnnitc, 
which arc ordinarily insoluble. 

Another eflect of vegetation, one which is of vital import¬ 
ance in the economy of nature, h it-, protective action. Root¬ 
lets bind ilit- soil into a woven mut bit that it remains porous 
and ablr to absorb water without I icing washed away. The 
destructive effects of rain and wind are thus effectively re* 
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strained. Forests break the force of I hr rain and prevent tlir 
rapid melting of ami*. Moreover, they regnl.iri/r tilt* .u'lttal 
rainfall and preclude the sudden lirxids that afflict more sterile 
lands. For these reasons the reckless removal of forests may 
imperil the prosperity of whole communities. Soil erosion is 
intensified. agricultural lands arc impoverished am! lost, and 
barren gullied wastes, like the badlands " f of North America, 
take their place {Plates 32s and 03 a). Exc ept after heavy 
rainfall, the rivers run dean in forested lands, but after de¬ 
forestation their waters become cnniinumiriy muddy, Destruc¬ 
tion «f the natural vegetation by land clearing anti ploughing, 
and the failure to replace forests cut down for timber or 
destroyed l>v fire, have lead disastrous economic consequent:© 
in many pares of Africa and America. Man himself has been 
one of the most prodigal of the organic agents of destruction, 


Chemical Weatj ir.fiiNO 

The alteration and solution of rock material by chemical 
processes is largely accomplished by rain-water acting as a 
carrier of dissolved oxygen and carbon dioxide, togethri with 
various adds and organic prodiurts derived from ihr soil. I he 
degree of activity depends on the composition and concentra¬ 
tion of the solutions so formed, on the temperature, on ihc 
presence of bacteria, and on the sutisianecs taken into solution 
from the minerals decomposed. The chief changes that occur 
are solution, oxidation, hydration, ami the formation <>f car¬ 
bonates. Only a Few common minerals resist decomp At I inn, 
quart/ and muscovite | including seriate) being ihe chief 
examples. Others, like the carbonate minerals, can be entirely 
removed iti solution. Most silicate minerals break down into 
insoluble residues, such ns the various clay minerals, with 
liberation of soluble substances which are removed in solution. 

Limestone is scarcely affected by pure water, but when 
carbon dioxide is aho present die CaCO, of die limestone 
is slowly dissolved and remuved as calcium bicarbonate* 
Ga(HCOj) t . The harsh limestone platforms around Settle 
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ROCK VVKATITERJCSO ANT> SOSL3 

If] the humid conditions of tin? temperate zone ^luminiuin 
hydroxide » not liberated to any important extent, but during 
the dry season of tropical and monsoon lands it is precipitated 
in a highly insoluble form, and so accumulates at or near the 
surface a? bauxite (see page 120). 

Ole decomposition of the fcrromacjnc-ian minerals may be 
illustrated by reference to the simplest type or pyroxene : 

W*u* + cubon tliocoiif 4 -Chi.M gJeXSO.I. *. | 

Dujvii, I SJrFc * ’ 

When AJ,0, and Fe i O i are also present fas in biotitc and ail 
varieties of augile and hornblende) clay and chloride minerals 
and limumtc remain as residual products. In the presence of 
oxygen limonjte U also precipitated from solutions containing 
Fe(HCO|)j. tor this reason weathered rock surfaces are 
commonly stained a rusty broivn colour. Ordinary rust is, 
in fact, the corresponding product of the action of water and 
air on iron and sted. 

Chemical weathering contributes to the disintegration of 
rocks (a) by the general weakening of the adhesion between 
minerals, so that the rock more readily succumbs to the attack 
of the physical agents ; (A) by the formation of solutions which 
are washed out by the rain, so that the roefc becomes porous 
and ready to crumble {e.g, the liberation of the grains of a 
sandstone by solution of die cement) ; and (t) by the formation 
of alteration products with a greater volume than the original 
fresh material, so that ias in exfoliation) the outer shell swells 
and pulls away from the fresh rock within. 

The separation of shells of decayed rock is distinguished as 
spheroidal tottlhtritg (Plate 24b). It is best developed in well- 
jointed rocks which, like many basalts and doicriics, are 
readily decomposed. Haler penetrates the intersecting joints 
and thus attacks cadi separate block from all sides at once. As 
the depth of decay is greater at corners and edges than along 
fiat surfaces, n follows that the surfaces of rupture become 
rounded in such positions. As each shell break, loose, a new 
suriai e is presented to the weathering Sohitmiw, and the process 
ts repeated again and again, aided in tin- appropriate regions 
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WEATHERING RESIDUES 

by frost. Each successive wrapping around the fresh core 
becomes more ne;ur[y spheroidal than the one before, unfit 
ultimately the angular bl*x:k b traiislbtuied intp an onion-like 
sti ucturc of concentric shells of rusty and thoroughly rotted 
residual material, with perhaps a round and coherent core of 
freshet im’k a ill left in the middle. Such cores may stand out 
like boulden when thrir soft outer wrappings have been 
washed away by the rain (Plate 25). 


Weathering FLesioues 

In dry dim a tic regions, on steep rock-slopcs, and over 
massive crystalline rods, the coating of chemically weather ed 
material may not become mote ihun a thin film/ But where 
rain- and soil-water ran took deeply inio the rocks, weathering 
may proceed to a considerable depth, fti the Malay Slat®, 
where dir moduli is heavy and evenly distributed, granite has 
been converted infn soft friable earth to depths of as much as 
lifty feci. In tropical regions which liavc a heavy rainfall 
during the wet season, succeeded by a dry season, when the 
temperature is high and evaporation rapid, the weathering 
residues may be very differ cut, Soil-water is removed by 
plants, and water from below is drawn up to make good the 
loss so Jong as die supply holds out. The weak solutions 
produced by leaching of the rocks during the wet season 
thus become concentrated by evaporation, and the dissolved 
materials are deposited, the least soluble being the first to lie 
precipitated. The products include hydroxides of aluminium 
and iron, silica, and various carbonates and sulphates. Most 
of these are rc*dissolvcd by the rains of the next wet Mason, 
but as the hydroxides of aluminium and iron arc left in a highly 
insoluble state, they remain at or near the surface, and gradu¬ 
ally accumulate as a reddish brown deposit to which the name 
lauritt has been given (L, later , a brick}. In depth the material 
IS variegated and paler in colour, and it is here that alumina 
tends to be specially concentrated. At greater depths the bed- 
rocU may be intensely decomposed, with abundant develop¬ 
ment of clay minerals. 
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ROCK WEATHFRINU AXD SOILS 

Sheets oFlateritc rarely become thick—'40 feet is exceptional 
—because, being tmpervEatw, their very formation puts an cud 
to the drainage which U essential to their continued growth. 
For this reason, too, the overlying soil becomes infertile, and 
then, no longer held together by roots, it is easily scoured away 
by torrential rains, leaving large sterile exposures of Jatcrite, 
In certain regions, as in parts of India, latcritc is found to be 
quite soft below its hard and slug-like crust. The soft latcritc 
can be readily cut into brick* which set hard on exposure to 
the sun. This easily worked and valuable building material 
was called Jatcrite not because it resembles brick, but because 
bricks are made from it. 

Quartz, anti clay minerals that have not suffered the 
ultimate loss of silica, remain cemented in the deposit in various 
proportions. There is every possible gradation between 
quartz (the chief mineral of sand), clay imainly composed of 
clay minerals}, and lauiite, as indicated by the following 
scheme : 


tATEHITE 



Of the latentcs themselves, two important varieties are 
distinguished : those rich in iron and those rich in aluminium. 
The latter, when of high grade, constitute bauxite, the only 
ore or alu min ium from which it is practicable to extract the 
metal on a commercial scale. 






SUPERFICIAL DEPOSITS 


Tice Mantle of Rock- Waste 

The superficial deposits which lie on the older and more 
coherent bedrocks form a mantle of rock-waste of very varied 
character. In many places die mantle lies directly on liic 
bed rode from which it was formed by weathering, In this ease 
quarry sections and cuttings of all kind* generally show a 
surface layer of wit, passing gradually downward* through a 
zone of shattered and partly decomposed rock, known us the 
subsoil* to the parental bedrock, siill relatively fresh and un¬ 
broken by weathering agents. In the soil vegetable mould 
and humus occur to a varying extern, und under appropriate 
conditions they accumulate to form i hick beds of peat which 
must also be regarded as part of the manile, Soils develop, 
however, not only oil bedrock* but nfao on a great variety of 
loose deposits transported into their present positions by 
gravity, wind, running water, or moving ice. Although these 
deposits will not be considered in detail till later, it is con¬ 
venient to summarise them here* according to their modr of 
origin, together with the untntns ported or tedmtmy deposits of 
the mantle. 
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The Growth am> Nature or Soils 

As Grenvittc G)lc has finely said : " Hie soil, considered 
as. a rock, links common stones with the atmosphere, and the 
dead dust of the earth with the continuity of lire." The purely 
mineral matter of lire residual or transported deposits h first 
enluniscd by bacteria, ikhrm, or mosses, By the partial decay 
of the dead organisms mould and humm sec p. 115) begin to 
accumulate ; lodgment is afforded for ferns and grasses ; 
berries and winged seeds arc brought by birth and the wind ; 
and filially shrubs and trees may gain a fooling. The root lets 
work down, burrowing animals bring up inorganic particles, 
and the growing mass becomes porous and sponge-like, so that 
it can retain water and permit the passage of air. Frost and 
rain play their parts, and ultimately a mature soil, n complex 
mixture of mineral and organic products, b formed, Bui 
though the soil » a result of decay, it is also the medium of 
growth. It teems with life, arid us the source of supply of 
nearly all I bud it is for mankind the moat valuable and least 
dispensable of all his natural assets. 

Soil may be defined as the unfair layer of the mantle of 
rock-waste in which the physical and chemical processes of 
weathering cooperate in intimate association with biological 
processes* AH of these processes depend on climate, and in 
accordance with this fact it is found tliaL the resulting soils 
also depend on the climate in which they develop. Other 
factors are also involved : particularly the nature of the bed¬ 
rock or other deposit on which die seal is generated, the relief 
or the land, the age of the soil (that is, the length of rime during 
which soil development has been in progress), and the super¬ 
imposed effects of cultivation. 

The influence of the parcnr.il material is rarity understood. 
Sand makes too light :■ soil for many plants, ns h is too porous 
10 hold up water. Clay, cm the oilier hand, is by itself kh> 
impervious, A mixture of sand and day makes a loam, which 
avoids these extreme, and provides the bash of ati excellent 
soil. A day soil may also be lightened by adding limestone. 


CLIMATIC SOIL TYPKS 


and die natural mixture, known as mmi, is also a favourable 
basis. Limestone alone, as we have seen, cannot make a soil 
unless it contains impurities. In most dictates granite do 
composes slowly and yields up its store of plant foods very 
gradually. Basaltic rocks, on the other hand, break down 
much more quickly. Lavas provide highly productive soils 
which, even on the llauks of active volcanoes, such as Etna, 
compensate the agriculturist and vine-grower fur the recurrent 
risk of danger and possible destruction. 

These differences arc most marked in young soils and iti 
temperate regions, A-> the soil l>r, .tini'-, older, and especially 
when dn* dimiiic is of a more extreme type, the influence of 
long continued weathering and organic growth and decay 
makes itself hit more and more. Certain ingredients arc 
steadily leached out, while other- are concentrated. Humus 
accumulation depends on the excess of growth over decay, and 
this in mm depends on climatic factors. The composition or 
the evolving soil thus gradually approaches a certain char¬ 
acteristic type which is different for each climatic region. The 
black mil of the Russian steppes, for example, U equally well 
developed from such different parent rocks ju granite, basalt, 
loess, and boulder clay. Co n ver sel y, a single mck type, like 
granite, gives grey soils in temperate regions {todsel), black 
soils in the steppes (rAr/natm), and reddish soils in tropical 
regions of seasonal rainfall 'faithtic fart fa). The colours of 
soils are almost wholly due to the relative abundance {or 
paucity] of various iron compounds and humus- 

Deeply cultivated soils may be more or I«j uniform 
throughout, but I his is mu thr ease in purely natural lofts. A 
vertical cutting through an old natural .mil reveals a character- 
i-tii layem! .irrangcmr-tii which is called tin -oil fitejiit* Thr 
latter is clearly developed in the grey soil- of ihe more or Jess 
forested north-1emperate belt of Canada, Northern Europe, 
and Asia. As the drainage is dominantly descending, iron 
hydroxides, and humus derived from the surface layer of 
vegetable mould, are carried down in colloidal solution. Thus 
a bleached zone is developed, and for this reason the Soil type 
ts called Jmdiot .] Russian, ashy grey soil}. By die accumulation 
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PODSOL AND CJIKRW5EM 

of the ierro-humus materia) at a depth <if a few inches or a foot, 
accompanied bv particles of tilt anti day washed down 
mc< hankally, a det'■[> brown -if nearly black layer of variable 
thickness is formed, This may develop into a hard, well 
cemented band, tin pervitin* tn drainage, which L known as 
hard pan. One of the objects of ploughing is to prevent the 
growth of honcl pan. Otherwise, water-logged conditions may 
set in, and there will then be a marked tendency for peat to 
accumulate. 

Farther south in the grasslands of the steppes and prairies, 
summer drought and winter frosts favour the accumulation of 
humour largely provided by the grass roots which die each 
vear. During the dry season ground-water is drawn towards 
the surface, and CaCO, i* pn vi pirated, often in irregular 
maJuin, at a depth of two tu three hart. Under (lie influence 
of the ascending calcareous solution 1 , the humuv becomes black 
and insoluble. Iron hydroxides arr therefore not leached out 
as in the pndsoi. The upper layer of the soil profile is black, 
becoming brown in depth where the humus content is less. 
For this reason the soil type is called clumgjm (Russian, black 
ranh|. The black cotton soils of India and the " black 
bottoms 1 of the Mississippi flood plains are of similar origin. 


SUGGESTIONS TOR FURTHER READING 

G. W. Robbook 

Smit, their Origin, Censtitutiim, and Ctaitification. Allen aitd Unwin 
■ Mur by), Loudon, 

F. . Kavann (trarulated by C* L. Wntnus} 

Tht Endutian tmd Oan^catiim j Soils. Heifer and Som, Cambridge, 
193S. 

H, Jkmny 

Faci'jti of Soil Formation. McGraw-Hill, New- York, 1941 . 

G. V. Jacks and R. O. Wuvte 

The Hope of tht Bttth. Falter and Fairer, London, 1933 . 


125 



Chapter IX 


UNDERGROUND WATERS 

SOURCES OF GRDirXE-WATER 

There b abundant evidence Tor the existence of important 
umfrrgroiintf supplies of water. At least from the time of the 
Bid>ylmiiisn> there waa. a widespread atld firmly held belief 
that not only springs and wdk but abo rivers, were fed and 
maintained by water from vast subterranean reservoirs, The 
underground streams of times tone caverns supported this 
belief* and so did the spurring tip of M the fountains of the 
deep "* through fissures riven in alluvial Hats by earthquakes. 
Moreover, hi arid countries like Mesopotamia and Egypt it 
wa far from obvious that rivets could be maintained by raim 
faJL 'Hie author of Ecclesiastes remarked that although “ the 
livers run inm the jea, yn the sea is nui full,” and inferred that 
the kdiitu e was rninrd. by a return circulation, underground 
from the sea lluot, back to the purees of the rivers. How the 
sea water rose TO such high levels was not explained, and bow 
it lost io sail tidrjrr emerging as springs of freshwater remained 
an unsolved problem, it was only late in the seventeenth 
century that it first came to be realized* notably by Halley, 
that dir circulation from sea to rivers was not underground, 
but through the atmosphere by w ay of evaporation ami rain- 
f.JL Aristotle 1 * erroneous conviction that the rainfall was 
quite inadequate to * iipfily thr flow of riven was 1101 dispelled 
until iicruratc measurements P*>h die place of mere opinion* 
In iil 74 Piette Porault completed the first quantitative 
invest tgulkm at thr relation between rainfall and stream 
Bow. He found that in the upper valley of the Seine the 
rainfall was actually several rimes greater thsm die stream 
flow, and ro riemorigi rated for the firss rime j rdnticrahjp that 
in humid climates seems now to be almost a matter of common 




ORIGIN AND OCCtlftRKNCE Or GROUNTVWATER 


The- following sdicme ijimvf the various ways in v-hkfr 
rain water b distributed (see also Fig. ", p^c 22) : 
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Gmimd-water supplied by rain or snow or by infiltration 
from rivers and lakes is described as mft/mt. Fresh or salt 
water entrapped in sediments during their deposition is dis¬ 
tinguished as ctintutU. During burial ami rum paction of the 
scdimenis, much of tlik fossil water is expelled, and during 
metamorphism most of it i* driven out, carrying with it dis¬ 
solved material which helps to cement the sediments at higher 
levels. Sicam and hot miueraMadeii water liberated during 
igneous activity, and believed to reach the surface |br die first 
time, is known as jm-tnik water. 


The Storage axd Circulation of Ground-water 

Hr low a certain level, never llir down in humid regions, ail 
porous and fissured rocks arc complrirb saturated with water. 
The tip|>er surface of this ground-witter is called the water table. 
I'he water (able L» im bed up under hill-, roughly following the 
relief ol the ground, but with a more subdued surface. In 
general, three successive zones may conveniently be recognised 
(Fig. G4) : 

•a : Tht znmt of nMisatmutinn, which is never completely 
Idled, but through which the water pcreolain on its way to 
the underlying zones. A certain amount of water is retained 
by the soil, which yields it up to plain roots. 

(A) 77/e Zone of intemitUui aatutattan^ which extends from 
tile highest level readied by ground-water after a period of 
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Tn jUii4ira.r:‘ ili<* rr'ljsrjju, ihr water Jahlr w (Ji* auHvr jh-1 ill variation eJ 
level bwi (he inp to (.luc htmom uf ilic «mr of ioirrmiltrni utnmiiuo »ft« 
piokvipcrj prrioji of wet and dry wcallirr rmfifr lively 

piolon^d wet ivcathcr, down to the lowest level to which the 
water table recedes after drought. 

(r) Tht of jft nrumrul saturation, whirh extends down¬ 
wards to the limit iieitcatlt which ground-water is not cn- 
ccnmtcnxl. Hie depth* in mints and borings at which the 
rocks are found to In* dry vary very considerably according to 
the local structures, hut a limit of the order U.iMW to i,(KlO lect 
is not uncommon. Juvenile and expelled ronnatc water may, 
of course, ascend from much greater dcptlis. 

\ Viter eve i the stone of permanent saturation rises above 
ground level, seepages, swamps, lakes, or rivers occur, VV lien 
the zone of intermittent saturation icmf.vora.rily reaches the 
surface, floods develop and intermittent springs appear. 
Conversely, many springs and swamps, and even the rivers 
of some regions, go more nr less dry' after long periods of dry 
weathcT when ihe water table falls lx-low its usual level. 

Rocks through which water can pass Frrrly are said to be 
prtvious. They may be porous and pnmt&blt, like sand and 
sandstone ; or they may be practically non-porous and 
tmpcrmeabh iikr granite, but nevertheless pervious because 
or the present.e of interconnected open joints and fissure 
through which water can readily Sow. Impervious rocks arc 
those through which water cannot easily soak ; they may hr 
of two Linds : jhimils, iikr t lay, or relatively win-porous, like 
massive unfissum! granite, [i should be noticed that although 
porority is essential in ■ >rdrx that a formation can be readily 
permeable by water, it is not a sufht tent condition, 'lire 
and arrangement of the openings must also be such that 
continuous through-channel* for the free passage of water 
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arc available In days there ire no continuous passage-ways 
wide enough to permit the flow of water, except by slow 
capillary* creep. 

Ordinary sand or grave] hat a porosity of about 35 [Mir cent, 
(i>. die material in bulk is made up of 3." per cent, of* voids ” 
and 6G per cent, of “ solids but this drops to about 15 per 
cent, in common sandstones, according to the degree of com¬ 
paction and the amount of cement tug material. Clay, al¬ 
though it is impervious, may have a porosity of over 4fi per 
cent. By compaction under pressure and the squeezing out 
of water the porosity drops gradually, fulling to as little as 
ft per cent, in some shales, and to 3 per cent, in slates, hi 
limestones the porosity ranges from 30 per ceru. in friable chalk 
to 5 nr less in indurated and ttctystullbed varieties. Lime- 
atone, however, may carry a great deal of water in joints and 
other channels 'including caves) opened out by solution. Hie 
porosity of massive igneous and met amorphic rocks is generally 
less than 1 per cent., but here again water may circulate in 
appreciable quantities through the passage-ways a Horded by 
interconnected joints and fissures. 

Alternations of pervious and impervious strata, especially 
when folded, faulted, and jointed, fbrtn underground reservoirs 
and natural waterworks of great variety. Whew the catchment 
area is sufficiently high the water slowly migrates through the 
most pervious formations towards places at a lower level where 
the water can escape to the surface. It may emerge through 
natural openings (.seepages and springs) or through artificial 
opening! (wells), or it mav feed directly into rivers or lakes or 
even discharge through the sea floor, 1 he sustained How of 
rivers which, like the Nile, successfully cues wide stretches of 
desert is to some extent due lo supplies received from under¬ 
ground sources. 


Springs and Wells 

Whcti rainwater sinks into a pervious bed, such as sand¬ 
stone, It soak* down until It readies an underlying impervious 
bed, such as day or fhale. if the surface of the junction is 
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Inclined, the water flow* down I he water-tight slope, to emerge 
where the junction is intercepted by a dill or valley side 
(Fig, 55a). A general ountig out of the water along die line 
of interception is called a seepage. More commonly a line of 
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localised springs appeal*. The other diagrams of Fig. S5 
illustrate various example 1 of other structures favouring the 
development of springs. In (A) a fault bring' pervious Mud¬ 
stone against dude which, being impervious, hold* up the 
water. Spring* arc lor a I bed along the line .if the fault, and the 
low ground un the left is marshy. In ,< j water enters the joints 
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SPIAxn WELLS 


in a massive rock, such as granite, and ismes in appropriate 
places. In (df) water impounded Ivy a dyke escapes ploug the 
outcrop of the junction. In (#) the upper spring is thrown out 
by a conformable bed of shale, as in [a) ; the Jower spring 
appear* at the outcrop of an unconformity* Lhe underlying 
fo lde d rocks being impervious* In {/) water enters jointed 
limestone, widens the joints by solution, forming cases and 
underground channels do urn to the impervious base of die 
fur mat km- The latter holds up the water and alluwi it to 
drain out, sometimes us an actual stream, where a valley has 


Catchment 



FU3. G« 
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been excavated through dir limes lone mio the imdcrlying 
rock*, 

Wells arc simply boles dug or bn red or drilled into die 
ground to a depth at which water-bearing p * 1 tiicablc formations 
or fissured rocks are encountered. Shallow wells, as shown in 
Fig, E>4* may dry up at certain seasons, unless they tap the zone 
of permanent saturation* Ground'water percolates into ihc 
bottom of the well, and rise* to a level that depends on f hc 
head of pressure behind it- Pumping or lifting may be neces¬ 
sary to bring the water to the surface* In selecting sites for 
shallow wells special precaution is necessary to preclude 
contamination by germ-laden water which might drain into 
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the source of supply from farmyards and 
cesspools, The ground-water from more 
deep-seated formations is preferable lor 
human consumption, as it is more likely 
to be free from the dangers of surface 
cent ami nation, 

A tit nan uvlls are those in which the 
water encountered in depth is under a 
sufficient hydraulic pressure to force it 
to overflow at die surface. The neces¬ 
sary conditions arc; (a) an inclined or 
broadly synclinal water-bearing forma¬ 
tion, or ai/uiJfT, enclosed on both dries by 
watertight beds; (» exposure of ihc rim 
of the aquifer over a catchment or intake 
area at a sufficient height to provide a 
hydraulic head at a level above the 
ground where the wells arc sunk : [rl a 
sufficient rainfall to furnish an adequate 
supply (if water ; and (Wi ai«*3tt’c of a 
ready means of escape of the water except 
through the wells. The term arUsimt is 
sometimes; extended to indutie deep wdlf 
in which i he water approach® the surface 
but does not actually reach it. 

The London Basin (Fig, 57) exem¬ 
pli firs these conditions very dearly. The 
aquifer is the Cl talk., with sandy beds 
above and, locally, below. The enclos¬ 
ing impervious formations are the Lon¬ 
don day above and the Gault day 
below, Water falling t>n the Chalk, 
where it b exposed along the Chi herns 
to die north, and the North Downs to the 
south, sinks into the basin and acctimu- 
Lit, there— or did so until tin: original 
resources became impoverished by die 
insatiable thirst of London, flic water 
13a 
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in die Chalk i* tapped in the l/mduii area by hundreds of 
wdk sunk to depths up to turn or 7n0 fcet. Up to a century 
ago The Chalk was saturated, and when ihc fountains in 
Trafalgar Square were firs I constructed thr water gushed Out 
well above the surface. In more recent years the enormous 
supplies width have been drawn from the Chalk reservoir 
liavc exceeded replenishment by rain tall on the rims of the 
basin. Tlie Irvel of the water in the Chalk has therefore 
fallen, and watet ran now be raised to the surface only by 
pumping. 

In North and South Dakota an important aquifer dips olf 
the edge of tin' Black Hills, and carries a i iipjous tupplv of 
water bcnr.ith l hr plain* to the east. Ovec an area of 10,000 
square miles the water can be tapped by artesian wells, The 
largt-.s artesian Itadil in the world i» that of Ujic lubuid and 
adjoining [MM. <>r New South V- air . and South Australia, 
The catchment area is in the liastem Hightand* wiiere a wide¬ 
spread series of soft Jura it sandstone- cumr lo the surface. 
These sandstones, with thrir accumulated More' of water, 
underlie an amt of about square miles. Without the 

artesian wells, some of which arc 4,000 to 5,000 feel deep, much 
of this vast region would be u barren waste. In this area it 
» sihpcctcd that only part of the water is meteoric. In some 
of the well* the enormous pressure of the water, the abundance 
of gases, jnfi the coinporiltou of the dissolved ccnisiiuicnts all 
suggest iIijl juvenile sources may also con tribute ttt depth, 
the pnMBurc being partly Hue to gases and partly to the weight 
of overlying rocks. 

Mai < I tint wurt of die Sahara and irlLer deserts owe: their 
crblCttcc to the local emrigcncc of attedat! water Ot the 
surface. Fertilised by the neaping underground water, 
vegeintimi flmiridu - .unaringiv and make' " a paradise in i 
setting of blaring t-tnd mid glaring rrxk*." Ik I ween ijir Cliad 
basin atld the Sahara dir highlands of Kidi mid J.mirdi con¬ 
stitute an important catchment area. There the occasional 
rains jrr readily absorbed by bare mudstones which cntuimie 
underground far aero** libya and Egypt. Many a traveller 
has died of thirst in the bean of the desert with water only .1 
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few hundred feel beneath him. Where this usually inaccessible 
witter emerges through fissures nr artvsiatt wells, or is brought 
to die surface by anticlines, or where the desert floor itself 
has been excavated by the wind down to the level of the 
ground-water, oases occur (Fig. 68). South of Aswan, the Nile 
taps ['art of this artesian water where its channel cuts into an 
aquifer locally brought up by in anticline. 


Swallow Holes anp J jitesrovE Caverns 

The solution of limestone by' rainwater charged with 
carbon dioxide has already been described •page lit!)* In 
limestone districts water readily works its way down through 
joints and .dong bird ding plants until it reaches an impervious 
layer, which may be witiiin the limestone formation or beneath 
it. The water then follow* the natural drainage directions 
until it find* an exit, perhaps many miles away front the 
intake. Once a through drainage is established, but not 
until then, dissolved material is carried away and fresh 
supplies coming in from above continue the work of solu¬ 
tion, localised along Joints and bedding planes, until a laby¬ 
rinth of interlacing channels and caves is dissolved out of the 
limestone (Fig. &!>/). 

The surface openings become gradually enlarged ill places 
where the contour* of the ground favour a special concen¬ 
tration of the flow-off, and funnel-ilia pc d holes, known as 
samlhti} halti or rittk hilts are developed. By continued solution 
beneath these, ami the hilling in of loovcued joint blocks, die 
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holes maybe enlarged Into roughly cylindrical shafts or chosiro 
communicating iviili great vaulted chamber?, perhaps hundreds 
of fee! below Plate 2 Aa}> One of ihv mu-t impressive of these 
giant swallow hnk’. in Britain is Gaping Ghyll , Platr 20i) t on 
the soulh-rast slopes qf Inglcborongk r fhe -shaft goo. down 
for 3flfi ket into a chamber *80 feel tomj and NO feet high* 
The water escapes ihrough an intricate system of passes into 
Ingle boro ugh Cave, whence it emerges as the Clap] i am Heck. 
In the Ariege french Pyrentes) iwo great chasms connected 
by a. long grotto, with a permanent stream frnm tup lu bottom, 
have hem explored clown to u depth nf 1*00 feet, and several 
even deeper example occur In Italy. The " raventout lime- 
itrme 11 plateau of Kentucky has over fUMHio tint holes and 
hundreds of eaves inducting The great Mammoth Cave, which 
iudf hfii over HO mile.’, of contmuuus passage s Anotlii r 
lamnns American rave, the Carlsbad Cavern of Xt-w Mexico, 
b*J a 11 Big Roam fp nearly 4,000 feet long, with waits over 
000 fee: apart, and a ceiling rising to a height of JOO feci 
(Plate 27a b 

Occasionally the roof of a cave collapses and leaves another 
kind of H sink ' at tire surface, When the roof of a long 
underground channel falli m t ;i deep raving floored with 
limestone debris, further diversifies the irregular limestone 
topography (Fig, 6fl). Sometimes one part of the roof 
holds firm, thus forming a natural arch or bridge [Fig. GO}, 
limestone regions such as those referred to above, having 
a roughly etched surface, pitted with depressions due to 
sol ui inn or roof collapse, and wiih underground drainage in 
place of surface streams* are said to have a karst topography, 
from die prevalence of these features in ihe Karst Plateau 
northeast of die Adriatic coast lie tween Trieste and Catfcm> 

{see Fig, 160), 

In additkiii ti» die streams which flow ih rough the under¬ 
ground network of parage-ways, there h generally a slow 
seepage of Iknc-diarged water from innumerable joint* and 
crevice* in the roofs and waili of caves. Calcium carbonate is 
deposited when a hanging rirnp of such water begins to 
evaporate or to Jose part of it* curban dioxide. When fhc 
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drop falls on lhe dry floor of a deserted dutmd, llie remaining 
calcium carbonate is deposited. Thus, long i ride-like pen¬ 
dants, cubed stalattitn, grow downward* front the roof | and 
tliiclter columns, distinguished as ildagmittf, grow upward 
from the floor (Plate 27). In time stalactites and stalagmites 
unite into pillar*, anti these arc commonly clustered together 
in forms resembling organ pipes and other fantastic shape., 
that ant often given fanciful names. Where the water trie kies 
out more or Iks continuously along a roof joint, ,i fluted 
curtain or wavy screen may grow across the cave. When dm 
water comes through a bedding plant it builds up encrust a lions 
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from wall tri floor which hx»k like frescoes or 11 frozen cascades/* 
The internal decoration of caverns in which these varied 
structures have grown in profusion produce* an underground 
scenery of weird arid fucdnating beauty. 


Hot Springs and Geysers 

Ground-water that has circulated to great depths in deeply 
folded rocks becomes heated, and if a sufficiently rapid ascent 
to the suriacc should be locally possible, it will emerge as a 
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warm spring, Such conditions arc rare, however, .ind really 
hot -springs generally occur in regions of active or geologically 
recent vu Icon ism, where they owe their high temperature to 
superheated steam and a '- ciated emanations which rise from 
subterranean sources and mingle with the meteoric circu¬ 
lation at higher levels. Ji is probable that some hot 
springs may he a mi si urc of meteoric water with hot water 
expelled from underlying locks dial are undergoing nictu- 
murpliism. 

There are dim tokanic region; where Um springs ant! 
geyser* occur on an imposing scale : Iceland, Yellowstone 
Park, and the North Island of New Zealand. The waters arc 
highly charged with mineral multcr of considerable variety. 
1 he Mammoth Hot Springs of Yellowstone Park are rich in 
calcium carbonate derived from neighbouring limes tones. 
This is deposited at the surface as mounds and terraces ol 
irmtrhnt. [Hate 38&J. In. all three regions many of tiie springs 
arc alkaline and carry silica in solution, which is similarly 
deposited as sitmukt sinttr or gtjitnU (Plate 2 Sal. As to the 
water itself, investigations show that about SO to W* per cent, is 
ordinary meteoric ground-water. In Iceland, for example, 
much nf it oimn from mrtlinj: siuiw. However, tile minor 
constituents carried in solution include many unusual elements, 
a peculiarity which points to a juvenile source and suggests 
than they must luive been swept into the local meteoric water 
by associated juvenile w ater or steam. The existence of such 
steam, however, is not merely a matter of inference. Actual 
borings through the rhyolite lavas of Yellowstone Park en¬ 
countered vast quantities of high-pressure superheated steam. 
Tn one ease the temperature at a depth of 24". feet was found 
to be 205 t- Moreover, where steam remains utt condensed 
by admixture with mid ground-water, it mm fumaroles dis¬ 
charge at the surface. 

6if|nifr.i arc Ian springs I Him which a column of hot water 
and steam is explosively discharged ar intervals, spouting in 
some cases to heights of hundreds of feci (Plate 2fi). The term 
i cmii-i from Gtyltr, the Icelandic name for iJic Great Geyser, 
which is the most spectacular nu mber of a group situated in, 
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a broad valley north-west of Htekh (Fig. *H). la will serve 
as a typical example* A mound of geyserue, built up by 
deposition from the overflowing water* surrounds a circular 
basin, about fret aero* and 4 Icct dcr-p* filled to the brim 
with siliceous water at a tens j m rature of 75° tu 90 n Cl From 
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(he middle of the basin a pipe, ahn Hnrd with geyserite, goes 
down about 100 feet. At I he Imttom (he temperature of (be 
water is well above that at which tlsr water would boil if it 
were not for the procure due to the weight of the water column 
above it. But the continued accession of superheated steam 
through cracks in the pipe gradually raises the temperature 
until eventually the boiling-point t* reached far down in the 
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pipe, A certain amount or water then suddenly expands into 
steam which heaves up the column and causes an overflow 
from the basin. Thin so relieves the pressure on ihe superheated 
water in depth that it violently flashes into a vast volume of 
steam which surges up with irresistible force* hurling the 
water into die air. sometimes as much as 1*00 feet. 

In some geysers the amount of water discharged is many 
limes greater than that contained in die pipe and basin. In 
ihcae cases the pipe must therefore communicate with a 
liticlibotiring underground chamber into winch continuous 
sitpplic* of IhjiIi meteoric water and juvenile steam have on_ci':. 
The Caves and tuunrls which sometimes occur in lava (lows 
would provide the sort of reservoir required, During each 
period of quiescence the whole system—underground reservoir, 
communicating channels, pipe, and bus in—rapidly dlls up 
and gradually rises in temperature, until the quiet phase of 
the eyrie is terminated by the paroxysm nf high-pressure boiling 
which brings about a roaring eruption of water and steam. 


Deposition from Ground-waters 

Al- indicated by thr discussion on panes 1 10-18, the chief 
ingredients carried in solution by ground-water are the In- 
carbonate* oT calcium, magnesium and iron, and colloidal 
silica. Examples, of deposition of calcium carbonate as stalac¬ 
tite and stalagmite in limestone caverns, and as travertine 
from the waters of hot springs, and of silica as siliceous sinter or 
geys trite, also horn the waters of hot springs, liavc already 
been mentioned. These cases arc easy to understand, as they 
arc dearly due to evaporation, loss of carbon dioxide, or cool¬ 
ing. The return of dissolved material to the rocks through 
which ground-water is circulating involves the operation of 
much more complex: and delicately balanced processes which 
arc still but little understood. Precipitation may be brought 
about by such factors as loss of gases and consequent decrease 
of solvent power ■ cooling while waters are ascending ; changes 
of pressure during circulation ; or the mingling of waters from 
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DEPOSITION FROM GROUND-WATERS 

different smmcs. Moreover; a* a leiuk of reaction between 
solutions and the nmteittla ihrough which thev pass, one sub- 
Glance may be precipitated and another taken into ‘olurion. 
Only brief notes Otl some of the chid" results of deposition from 
ground-water can; be given here, 

GvmrGtotioR of porous sediments ocean when deposition 
takes place between the particles of the rock. Loose sands may 
thus become calcareous ritfcecru*, or Icmjginous sandstones, 
according to the nature of the cement introduced between the 
grains. 

or -iubstttuiioii of one substance for another, is 
well exemplified by parts, of certain limestone fhrmiitions hi 
which i af ilc lias bflttn replaced l»y dolomite or eimiyhitc or 
silica. The change often takes plnCe atom by alum, so [hat 
tile original structured are perfectly retained. Calcareous 
fossil shells may thm lie traruifontied to any cA the materials 
mentioned, as well as to others, less common, with complete 
preservation of the original form and of die most rniritate 
structural details. Even organic matter can be replaced in 
this way* Water-logged tree mink* buried In sand* or stumps 
uf trees overwhelmed by volcanic usli, may thus be petrified. 
Such fossil wood, with all lire tissues perfectly reproduced in 
opaline ulna or cabate, is notably abiindam in Yellowsluue 
Park, and in parts uf Burma and Queemlaud* 

MvduUs and flmttiwns form in sediments by concentrated 
cement a lion or replacement, where deposition h localised 
around a nucleus of some particular mineral grain or fossil 
which initiates die precipitation. Him vomporitioii is grnor¬ 
ally widely different from that of the formation as a whole. 
Ffiitii for example, is a concretionary form of silica occurring 
in the Chalk as scattered nodules or irregular shapes and also 
as tabular shcete and vertical stringers see Fig i "»i). Ground- 
water percolating through tin? Chalk at ^mc stage after its 
uplift from the ica floor picked up colloidal snltcn from minute 
and easily dissolved opaline sponge ipitdcw dispersed through 
the formation. By replacement uf call-turn carbonate, wher¬ 
ever conditions were favourable, the silica was then deposited 
as flint which, being insoluble, was not again rcdb^olvcd. 
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Simibr dsposils of sikcii occurring in oilier limestones mt 
usually referred to as chitL Calcareous and ferruginous 
iiodulss. characteristically of ellipsoidal shapes, an- common 
ill some uf the days and shale* of the Jurassic mid Carboniferous 

systems in Btitnin. 

Sin .if -■■!''■ "frimon minerals, sudi as cajeite and quart*, 

may br- l-rmal fruit ?ri <und-waters in joints and fault fissures, 

lir * n Suites -nr. the limit* of fold*. In tightly folded rocks 

and in areas o| regional metamorphism, irregular quarts \cLns 
are locally \ cry abundant. Many of these have Ijcen deposited 
in tom ion riefb from siliceous water “sweated out “ of the 
original rnck-, during orogenesis. Most, mineral j rim, however, 
and especially those containing commercially valuable ores, 
1ms e been deposited from hydiotlmtuial 'ulutbns of juvenile 
origin, generally in -issociation with ihe expiring igneous 
activity of ilie period concerned. 


MTil.LVHONS for FLRTMT.R READING 


H» H, Wokjxjwaad 

Tht 6W^ of UiHerSupflf. Arnold, London, ujio. 

F. Dixiiv 

A Ptwtkal Hmdbool oj Wahi-Supply > A31 cm smd Unwin fWurbvi 
London, !f|g( P J/t 

a F. To IMA N 

77rif Gnikgy of Cttmud Iftar. McGnw-Hilt, New Yotk, j m% 

W. M Davis 

Orisrin *ff Lwtrihm Cwxtw. Bullnin af ilir Sociciv erf 

Acurrir-n, VoL XLL, pp, 19^0. 

W- \f M 0 G 111 


Cu£^i r ,( t uj l 'irgiaia. L tiivctAiiy of Virginia, 1933, 
\\ C vii j-ket 

T ™ unfa th* Earth. Dent, London, 1939. 
E. T. Ai ll s and A L Day 


Hot 0/ it,, mi m t Xatmal Park. Carnegie Imdtutiao of 
V' adungtem (PuhbcaUun No 4 U 6 ;, 19 , 35 , 






HAM :ii 



.. , _ . {f'r .v. Aikrtvfl 

V.ilH \ wMlrtihig IIV topiil wra'lnti'nt. Tt.hel ttrmi niiitR!, ni nr SftlriM, 
S> H^<-rliini FIlHtW&cn) iVpmjn m frrmi iiurk (hr <itc of a formrf l.ikc 






Chapter X 


RIVER ACTION and VALLEY DEVELOPMENT 

St )ME Gt Nf.HAL CONSLUfiRATtONS 

The ncifiwy conditions for the imitation of a river arc an 
adequate supple of water and .» slope down which to flow. 
As we have already ecu, Ptefraull wac the firM to discover that 
an adequate nip ply is provided by the rainfall. From die 
result of hi- pioneer work in ilir v.illry of the upper Seine he 
justly concluded that ” pin and snow waters arc sufficient to 
make Fountains and Ri\ ers run perpetually.” Rivers are 
partly fed from ground'Waters, and some have their source in 
die melt-waters from glaciers, but in both cases die water is 
derived from the meteoric precipitation. In periods of drought 
rivers may be kept flowing* dm ugh «u a diminished scale, 
entirely by supplies from springs and the zone of Intermittent 
saturation. When these supplies also fail, through the lowering 
nf the water table, a* commonly happens in semi-arid regions, 
rivers dwindle away altogether. However, even then water 
may crill be found n^t far below the .iirface where the floors 
of such intermittent streams have a covering of alluvium. 

The initial slopes down which rivers first begin to flow arc 
provided by earth movements or. more locally, by volcanic 
accumulation*, Many of 1 1 ic: great riven oF the world, eg, 
the Amazon, MUrisrippi, and Congo, flow through widespread 
downwarpt oi tin- -.-rust whi i endowed them with v;ot ready- 
made drainage basins from the lUit, The majority of riven, 
however, originated on the sides of uplifted region* where, 
often in active competition with their w-ighlxiuia. they gradu¬ 
ally evolved IhHr trtvn drainage areas. 

Most rivers drain directly into the sea. But in areas of 
internal drainage permanent or intermittent stream# terminate 
in lakes or swamps having an area such that evaporation just 
balance# the inflow, the conditions being such that the water is 
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unable to accumulate to thr level at which it could find tin 
outlet. Notable examples occur in Central Asia and Australia. 

The development: of a river valley depends on the original 
surface slope ; on Uu- climate, which detertnma the rainfall; 
and >111 the underlying geological ttnicniit, which determines 
the varied resistance to erosion offered by the rocks en- 
(v flittered. Where a newly emergent land provides ail initial 
seaward slope, the rivers which flow down the slope, and the 
valleys which they excavate, are said to be tonsfquad. The 
valley sides constitute secondary slopes down which tributaries 
can develop ; these streams and their valleys are distinguished 
as tvbsequaiL Later, of course, other generations of tributaries 
ate added. A main river and all its tributaries constitute a 
river system, and the whole area from which the system 
derives water and rock-waste is its bariu. Weathering con¬ 
tinuously supplies tfhck-vvactc, which falls or is washed by rain 
into the neatest stream. The latter comet away the debris 
contributed h> ii, and at the tame time acquires still more by 
eroding its own channel. Valleys develop by the removal of 
material, all of which is carried away by the streams which 
drain illrm. The load acquired by the main river is ultimately 
transported out of die basin altogether or deposited in tia 
lower reaches. Deposits are, of course, dropped on the way at 
innumerable places, hut iliitst arc only temporary halts in the 
journey towards the sea, Kis er; arc by fir the thief agent? 
concerned in the excavation of valleys, tint merely because of 
thtir own erosive work, but above all ba ju.sc of their enormous 
powers of transportation. 

The excavation of valley- in turn involves the development 
of rcjidu.il land form* Piute Uu., such as peaks, hills, ridges, 
ami isolated pinnacles rd resistant T<Kks (Fig, 62), The original 
uplifted area is thus gradually dissected iuto a varied and 
slowly (-hanging landscape. Sooner or later, as rock-waste 
continues to si ream away from every part of [he area in Turn, 
wdlcvs are widened and the intervening divides arc reduced, 
unLil the region may be worn down to a low-lying surface of 
hunt relid which is called a fitmptavt talmmt a plain). The 
"'hole sequence of changes parsed through during this long 
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evolution is called a cjcU of crane*, It is conveniatt to divide die 
cycle into three sue-ess JVC -linger which, by analogy with 3 
lifetime, .m referred to as youth, maturit. rmcl nit I age. L.u h 
stage is characterised by distinctive typtrs of kind forms. In this 
chapter we shall be mainly concerned wit h the cycle of erosion 
in humid regions, where die work or rain and rivers is in con¬ 
trol. In oilier climatic regions, such as deserts, where the work 
of the wind is chiefly in evidence, and frigid regions, where 
glaciers and ice-sheet* are the supreme agents, the correspond¬ 
ing cycles nf erosion involve the development of landJorms which 
are very different from each other and from those of humid 
regions. The cycle or river erosion does not always run its 
course without interruption*. Further uplift may take place 
while a cycle is still uncompleted, or the area may be glaciated. 
For both reason* many of our British livers are still in their 
infancy, and die landscapes associated with them arc partly 
inheritances front glacial and pre-glacial dims. 
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RIVER ^f]T70N AND VAJLLEY DEVEL0PMENT 

Nevertheless, the valleys of the present day, whether in 
Britain or elsewhere, provide representatives of aJJ the stages 
in the eyries of erosion now in progress. We are thus enabled 
to study by direct observation how they gradually develop. 
We shall have to consider in turn how the lands arc eroded 
and the rivers acquire their load of rock-w aste ; how the rivers 
themselves erode their clialmeis and transport and deposit 
their load ; how valleys are lengthened, deepened, and 
widened ; how river systems develop in plan and compete 
with their neighbours m the struggle for space ; liow topography 
varies according to the stage readied in die cycle of erosion ; 
and how it is further varied by interruption* of the normal 
cycle. 


Ram Erosion 

Tire chief mechanical effect of rain as u pelts down on the 
mantle of surface mutrrhiU is to wash Setose particles to lower 
levels. Eventually the rain-wash is swept into rills and stream*. 
During a sudden cloudburst a sheet qf flowing water may be 
locally produced which undercuts and removes the turf on 
sloping ground, sweeping ihe underlying ioil to the foot of the 
slope, and leaving a lone gash in the hillside. The gusli is 
gradually deepened into a gully by recurrent rains, and as 
soon as the water table is tapped it begins t,> cany water and 
becomes a rivulet. Tin- Ik , ,nr , ,f die ways in which Inbutaries 
originate. 

In semi-arid regions, where the occasional rains are often 
exceptionally violent, rain-gashing reaches spectacular pro 
portions in sloping ground underlain by day or soft earthy 
deposits. Such land is sculptured into an intricate pattern of 
gullies and small ravines, separated by sharp spun and 
buttresses. I hr gullies grow backwards into the adjoining 
upland, and the intervening ridges in turn are further cut up 
into smaller rtl* and trendies (Phut 32 a). Tracts of the 
almost i in passable country so developed are graphically 
described a* Lmltnnib in North America, where they arc widely 
scattered from Alberta to Arizona (Plate 32»b 
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rain erosion and soil creep 


The curious structures known a? eatth-pillatt develop 
totally from spurs left on the slopes of valleys carted in boulder 
clay (Plate S3 a). Wherever a boulder is encountered while 
the surface is being worn down by rain erosion, it act? like an 
umbrella over the underlying clay. Where the slope is sheltered 
from strong winds, earth-pillars of surprising height, each sur¬ 
mount cd by o protective cap, may then be etched out by ihc 
min. Some of the pillars oFBoizgn in the Tyrol reach a height 
of hl> feet, and smaller examples occur in favourable situations 
in Scotland and other regions where boulder clay and rosily 
eroded conglomerates (Plate 33v) arc exposed to the weather. 


Soil-creep and Landslides 

Between the extremes of min-wash on gentle slopes and 
rock-(alls from precipices there ;irc various kinds of mass 
movements of surface materials downs! ope, which result from 
the action in different combinations of water, frost, organisms, 
and gravity. All these processes co-operate with weathering 
lit widening valleys [Plate 31). 

Slow downward movement of soil on hillside-, know it as 
scil-fictp, is evidenced by tilted fences, bulging walls, and the 
outward curving of tree trunks near the ground. Interstitial 
rain-washing, together with various less obvious processes, all co¬ 
operate. Icc crystals heave up stones and particles of ail sizes 
during frost. The outward heave and the subsequent drop 
when thaw sets in arc both in a downhill direction. Imper¬ 
ceptible movement* due !o expansion and contraction, or to 
the wedging action of rootlets, take place under die control of 
gravity, so that the cumulative effect is downwards. Even 
the sub-soil and the upper part* of the bedrock share in Ihir 
movement. The upper ends of steeply dipping or cleaved 
beds are prised apart by frost and rootlets until they gradually 
curve over in the downhill direction. This results in 
apparent dips which, exposed in cut tings and gullies, may 
depart considerably from those of the undisturbed formation. 

When soil becomes thoroughly water-logged, as happen* 
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particularly in colder climates and at high altitudes alter the 
melting of snow, the downward creep passes into actual flow 
and h liter! described wlijluetion 'soil-flow). Flows of mud 
and peal, referred to Ijog-bimus, .tccur periodi rally in 
Ireland. 

Flic same group of processes operating in screes leads to 
similar results. Moreover, screes become bodily unstable its 
fragment* fed from above gradually steepen the dope*. After 
a thorough soaking and lubrication by water from rain or 
melting snow, the weight is increased, while friction anti the 
angle of repose (normally 2«V-3{i'} are decreased. The scree 
I hereupon begins to slide. In ilie gorges of rivers in the Hima¬ 
layas wnd other ranges of vigorous relief suth \Uhni-ilitlfL nr 
sometime^ occur on .1 gigantic scale. The 
valley lielow may be dammed across. A lake then firms oil 
i he upstream side and, bur ring suddenly through the wall of 
debris may cause a disastrous flood, In sub-arctic regions, 
where frevsr and thaw ate especially active, rvck~g!aarn nr r Ume- 
rmrs spread ntttwaids on suitable slopes, TJu: mechanisms of 
these phenomena are intermediate between these responsible 
for soil-creep and debris-slides, 

It js a matter of common observation that steep grassy 
slopes above valley floors are often scored at intervals with 
little tfTracttirj or ,f sheep-tracks " ui the soil, particularly where 
the sueam undercuts and steepens the banks. These features 
are due to small landslips which, ;o they are of frequent 
occurrence, contribute largely to rhr removal of mantle 
deposits. Hie essential conditions are lack of support in front 
and luhricatinn behind. Similar condition* favour fiuids/iVcr on 
a bigger scale, wherever slumping (Fig. <J3) or sliding (Fig, 04) 
can occur on the sides of undercut slopes, precipices, and cliffe, 
or of road, railway, and {'anal cuttings, particularly where 
heavy massive rocks (e.g. plateau basalt) overlie weak and 
easily Lubricated formations. Slumping takes place on a 
curved slip plane, and a backward tilting of the surface often 
results. Sliding occurs when bedding and cleavage planes, 
fault fractures, or joints dip towards a valley or other depression 
at a daugcroun angle. 
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Platt M4 illustrate* a landslide ■;« seen in 1HSB) that 
obstructed a tributary of the Ticino valley in l‘J-7, Several 
years previously a crack that appeared near the lop of a hill 
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ihrir position* several limes dad*. One day in 11>-7 a sudden 
movement of « *u 10 feet occurred- A warning was im* 
tncdhidy telephoned, and the danger /one was evacuated. 
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RIVER AOIlOK AND YALLEY DEVELOPMENT 

FortjNcight hours Inter the kmg-threatened slide took place, 
fortunately witboui loss of life. 

The Jiedimenis of the 0at terrace seen in thr. foreground ol 
Plate 3(1 were deposited in a lake that formerly ueaipied a loni* 
stretch of the Upper Rhine and its tributaries. The late was 
impounded by a gigantic prehistoric lamUlidc that blocked 
the main valley near Flinty alKiut fkl miles downstream* T he 
landslide debrU itself rovers ;lu area of sonic £0 square miles* 
and formed a dam {since cut through by the river) not less 
than feet thick* 

Erosion and Transport by River* 

The work of river ert^ion h accomplished in four different 
ways, all of which actively co-operate. 

(a) C&Ttvmn is thr Olivetti and * hemic a) action of the wuer 
of thr stream mi the material* with which h i otnes into contact 

(A) Ifyihmdk actum is the mechanical too^ming and removal 
of materials by water dime. 11 owing water cmi <weep away 
loose deposits and wash out particlei from weak!) resistant 
sediment A river may not acquire much new mriirri.il by 
sluicing its channel, but thr coarser pan of tbe load b likely to 
be dropped over and over again during transit Plate UfiA), 
and each lime it has to be picked up afresh Iwriurc transport 
can proceed. Where (he current is strong enough, as when a 
rivcT is m spate, water may be driven under jointed dabs with 
sufllricM force to hotel them up* turn ih tm over, and to make 
them available for irarisport. 

(c) Ccrrtokn is the wearing away of the sides and floor with 
the aid of the U.tuldci* t pebbles, vind, and rill which are being 
transported. By scour and impact even the hardest bedrocks 
are excavated and smoothed, i he drilling nf pat-koto is one of 
the most potent methods nf down-cutting. These develop In 
the depressions of rocky channels or from hollows farmed 
where boulders and pebbles, acLing like drilliim tools, are 
rapidly swirled round by eddies (Plate 35 b . Vertical holes 
arc cut deeply into ihr rock a* thr water plunges in and keeps 
the drilling tool* in actum by Its spiral mutinu. As the bi uiidm 
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wear away t and arc swept out with the finer innirriab, new 
onc^ Like their place and carry on die work* In front of .l 
water fail very large pothole* may develop in die floor of the 
“ jdmnjc-pad* fP 'Him leads i« tkepnitfig uf ihr channel, and 
at tlir ^.iiNr time a combmaiioit of hydraulic nrtiun and cor- 
T2*hm undermines the ledge of the fall. The eddying spray 
behind lire fall itself b particularly effective in scouring out 
thr lrs$ resistant fontmtinm that underlie the ledge (Fig. ftb). 
Blocks of the ledge are then left unsupported and fail away at 
intervals* thus causing a migration of the fall in an ups (Team 
direction, and leaving s gorge In fttnsu 

fd) jifirrriotf is I he wear and tear suffered by lire transported 
materials thcmsdi. es, whereby they arc broken down, implied, 
ami routukd. Tile smaller fragment* jod the finer particles 
liberated as by-product! are then more rarity carriesl iiwuy. 

The solid pad of she load carried by a river includes die 
rock-wasie supplied to it by rain-wa3h c surface creep and stump, 
err., and by Irihutarirt anti cxo.-m.il agents such ill-, glacier* 
and the wind, together with that acquired by its own destruc¬ 
tive work, as described above. The debris is transported in 
various ways. The smaller particles are carried with die 
stream in suspension* the tendency to >ctlle being counier- 
balanced by eddies, Larger paruria, which mde at intervals 
and are then swirled up again, ikip along iTi a seri« of jump*. 
Pebbles and boulders roll or .slide along the litiltmn, according 
to their shapes. Very large blacks may move along un a layer 
of cobbles which act hkc ball-bearings - 

five transporting power of a stream rues very rapidly as 
the velocity Increases. Ex peri merits show that with debris of 
mixed shapes and si^cs the lo;iri that cau be earned by running 
water Is proportional to something between the third and 
fourth power of die velocity* BuL for Fragments of a given 
shape, the largest size that can be mowed h proportional jo the 
sixth power of the velocity. Very [urge boulders which may 
remain vtiirinnary in the stream bed for long periods ran thus 
be carried downstream by intenititTaH iotjo waters. 

If the supply of debri* exceedt the load that can he trail*- 
ported , or if the velocity ii checked, part of the material is left 
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behind or deposited on the river bed, to be picked itp later 
when die stream is running more vigorously. Each time, die 
largest ingredients of the load arc the first to be dropped and 
the finest arc the first to be moved on again. In consequence, 
a river begins to sort out its burden as soon ns it receives it. 
From source to mouth die deposited materials gradually 
change in type from coarse to fine. 

In addition to thrir solid load, river* transport a great dra! 
of materia) in solution, most of which i- contributed to them 
by surface and underground drainage waters. The proportions 
of dissolved and solid load vary enormously from place to place 
and from time to time. Data referring to die work of erosion 
and transport achieved by all the chief rivers of the world over 
representative periods of years show that on an average about 
8,000 million tom of rock-waste are removed [rani the Linda 
and transferred to the sea every year. Of this total about 
30 per cent* is carried in solution. 1 hr drainage are-o ire at 
present being worn down at an average rate of one foot in 
about 9,tWU years, but die average rate* for individual regions 
range from a foot in too years foi the Irrawaddy basin Lq a 
foot in 47,(XJf* years for the low-l}ing basins draining into 
Hudson Bay. 

LENtiTHr.NtNO AND DfXPHNINO Of VALLEYS 

In the upper part of a typical stream gradient- are steep, 
the water runs swiftly and the narrow valley is either a gorge 
or V-sliaped, and the wall* are often rocky. Tins is the torrent 
or maintain tract, Lower down, in the middle pan of dir stream 
—the valtey tout— slopes are gentler and the valley has hcromc 
much wider. Nearer the sea, in [hr plain tract, the valley 
includes a broad flood-plain, which is liable to deposition 
whenever the river overflows its banks. Seawards, Lhr rivet 
may flow into an estuary, or the plain tract may grow outward* 
as a delta. 

Not all rivers, however, have yet had time iu develop a 
full Sequence of tracts. Sunn: streams pass direc tly from the 
valley tract into the sea; others, much younger in devclop- 
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ment, may still be entirely in ihe lumtnt stage. Such condi* 
tiam arc Abo brought about vrlum submergence of the land 
lakes place, and the lower readies of the rivers already de¬ 
veloped mv 11 drowned/ 1 

In general, young valleys ate lengthened and grow back¬ 
ward 5 into ihc land by AWuJtfrrf rrosim t due to rain-wash, 
gullying, and the creep and slump of surface materials ai 
their heads. The torrent tract thus extends inland. At the 
same time the valley is deepened by the active co-operation of 
all the processes of river erosion* When the valley floor is cut 
down 50 rapidly that there has been insuflicieiit time for any 
appreciable widening of the *ides, a vertical chasm with pre¬ 
cipitous walls results* The well-known Liitsddnr and Via Mala 
gorges of Switzerland are familiar example* (Plate 311)* The 
cutting of gorge* h Favoured in areas wdl above levd 
whm the rocks arc highly resistant to weathering and the 
widening processes (page ItKl) act slowly, Waterfalls often 
have gorges Sis From oF them, loaned during the cutting hack 
of the rock face over which the water plunges. The more 
spectacular gorges, like those of ilic Himalayas and Andes, are 
cut by extremely active river* which have continued to saw 
downward* through the rocks during the actual uplift of the 
mountain ranges. 

Where widening and deepening proceed together, aa 
happens more commonly .and in any ca^e ;ts ihc widening 
processes catch up), Y'-shapcd valleys are developed, and the 
V gradually opens out as time goes on. The torrent tract dim 
evolves into the valley tract, and each gradually migrates 
inland as the source cod tunics to recede by headward erosion* 


GEA&ntfo of Rivers 

■ 

Store .t river which flows into the sea must have a gradient 
towards the «.-a, the deepening - ! a v;dlcy i* ntct-vsarily limited 
by sea level, An imaginary extension ot sea level under the 
land ij called the kaif-lentl of river erosion. The profile of a 
river along its length from mouth to source is therefore a line 
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which it uuigcmtal id sea level and rises inland. Iti youth the 
profile is more or Less irregular, but as maturity h attained tlie 
major megtdfltitia are smoothed out, It L* easy to see how die 
initial iricgiddritlc* air dt^tined to disappear At each point 
of the pmBk there mun he a certain minimum gradient whit h 
will give the stream ju>»t uiflkicni velocity to ■ any oiT the load 
which it acquires. Wherever the gradient is steeper than the 
minimum there necessary, the increased velocity so brought 
about promotes rrosion which wean the gradient down. 
Wherever the gradient is less steep, the velocity is checked, 
and the resulting deposition of parr of the load builds the 
gradient up. 


When the prof Ur is developed so that it everywhere pro¬ 
vides the necessary imwmum gradient* it is railed a gwdtd 
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pwjilt or a pwfiU of fifiiilihrium. Since this gradient varies with 
the stream-flow* being least when Lhr stream-How is greatest* 
it follows that it is steepest towards the source. Under ideal 
conditions it would theoretically have the dupe of a hyper¬ 
bolic curve, concave upwards Fig. The sdral curve b 
never quite a 1 rained r however, because iz implies a ridicau- 
bahim c between gradient on the one hand, and stream flow, 
transporting power, and load to be carried, on the other; 
a b,il.i me which is never maintained for lung* Variations in 
the supply of water and rock-waste from time to iimc + and 
specially where tributaries come in, inevitably involve slight 
and temporary fluctuations* A river or any of its reaches in 
which the profile ol equilibrium b thu? appro ax matdy esial- 
lished is itself said to be pndtd or ns gmdt* 

Downward erosion d*>cs not cease when a river is graded* 
tiiuugh it may then become very sbw, For a given stream* 
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flow, die necessary gradient decreases as the load decreases. 
And as the whole rdief of the drainage area continues to be 
reduced, the load itself systematically decreases as time 
t>n, while the stream-flow remains about the same. ColisO- 
qiirntiy the graded profile tan tie, and is, slowly flattened out. 
Bale-level, always being approached blit never quite attained, 
IS its only limit. 

The level of the main river at the point where a tributary 
enters acts as a fctol bait-Uvo! for that tributary. In the normal 
development of a river system graded tributaries thus become 
so adjusted to the main stream that they join it laiigentidly. 
When tributaries fail to behave in this way the absence of 
adjustment is a clear indication tluu the cycle of erosion Inis 
been interrupted by changes of slope due, as a rule, to earth 
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movements or glaciation. The alluvial fans and ■ ■mh- de¬ 
scribed on page Sol, and the waterfalls of recently glaciated 
countries (page 221), arc conspicuous features resulting from 
such interruptions. 

Various irregularities in a river channel may postpone the 
general establishment of grade, though above and below these 
features individual reaches of the river may be temporarily 
graded. A take, for example, acts as a total bai'-ln*! for the 
streams discharging into it. liaises that occupy deep depres¬ 
sions have a verv long life, but shallow ones are, geologically 
speaking, soon eliminated. A lake is a trap lor sediments, 
destined to lx- silted up by dcltair outgrowths from the inlets. 
At the same time down-cutting of the outlet lowers the level, 
drains the lake, and reduces its area (Fig. 86), Ultimately the 
lake is replaced by a broad lacustrine Hat through which the 
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river Sows (Plate 31). Down-cutling I I trough the sediments and 
underlying rock-fioor then proceeds tin til continuity of grade 
h established between the upper and lower reaches of the river. 
In the Lake District 1 page 1%S) lakes can be seen in every stage 
or dbriiuaijon, together with lacustrine flats hi which young 
valleys are already being developed (PJate 37). 

A resistant forcmailoTi encountered b) a river also retards 
the c^iaMrihmeni of grade and ariA as a lemporary bftsc-levd 
for i hr stream above until it is cut through by waterfalls and 
rapids. The latter persist so long as the outcrop of obstructive 
pick remains nut of grade with the graded reaches in the softer 
rocks exposed above and below. 


Watehtaixs 

^Vliere an outcrop of resistant rock is loll ow ed downstream 
by a weaker formation, the latter h reladvdy quickly worn 
d'rnvii. At ihr junction, and subsequently above it, the river¬ 
bed is steepened and the it ream rushes down the slope a$ a 
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rapid. If I he face of the resistant rock becomes vertical, the 
stream plunges over the crai ^ a watnjhIL The processes 
which brine about recession and gorge development have 
already been dctcribed. Waterfalls eventually degenerate into 
rapids as the profile begins to approach grade (Fig. OT), A 
fall that descends in a series of leap* is lomeilmei referred to 
as A antingt- An exceptional volume of water is implied by the 
icmi which may be applied either to waterfalls or* 





NIAGARA FALLS 


more commonly, to siccp rapids. Rapids are favoured 
throughout the wearing down of an oUimoivc formation if 
%{r dip h steep* And where the dip ia downstream, even if it 
fir; moderate* the development of a verlit li 3 face is precluded, 
and rapids iire tunned instead of ,1 watofnlL 

Where a bed oi strong rock, horkoutal or gently inclined* 
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overlie weaker beds the former is the " fall-maker." and 
scouring of the softer beds underneath leads to undermining 
and recession. At High Force in Trcsri.de the tough and 
well-join ted Whin Sill ii the bll-nuktr. In the Yorkshire dales 
foils are commonly developed over ledges <>1 limestone under - 
Liu by shale. 

The JitOfora Ftdh Jirc the classic example of this type 
(Plate 3W), As shown in Fig. l>S the river plunges 1 tut-171) 
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RIVER ACTION AND VALLEY DEVELOPMENT 

fret according to die depth of the river below) over a tltlck 
ledge of limestone. The American Falls (frontage, 1,060 feet) 
jic separated from tltt: Canadian or Horsoboc F allt (Irontagc, 
2 T SG0 feet) by Goal Island. The mean flow, before tlic 
diversion uf much of the water to hydro-clet i ric plant!, was 
eighty-five time* that of the Thame*. Moat of the water patit* 
over the Horseshoe Tails which, its their name implies, are 
receding much mure rapidly (3-4 feet a year) than the 
American Falk (a Few inches only). After the withdrawn! of 
the Labrador ice sheet front this region about 20,000 year? ago 
(page 243;, the Niagara River followed a course towards Lake 
Ontario, which led it over a pre-giadal escarpment. 'Hie fill 
i Inis initiated has since receded 7 miles, leaving a gorge of 
u:i:th the rim is about 2(IU fret above the river, and on the 
average about 300 feet above the river floor. Ultimately the 
Falh will cut back until Lake Erie i» partly drained. 

The Kttititm Felli on the Potaro River in flritUh Guiana 
are also of thh type, though in this case the ledge, over 
which the river makes n sheer leap of 740 feet, consists of 
hard canglumcnue, and h underlain by softer landstoncs 
and shales. 

The YtUffWitam Falh Upper, lilt* feet ; and Lower, 308 
feet) are cutting through an immensely thick mass of rhyolite, 
parts of which have been altered and weakened, and at the same 
time gorgeously coloured, by chemical changes due to thermal 
waters. Hot springs still emerge along the floor of the canyon, 
which in places is 2,54)0 feci deep. The fresh resistant layers 
of rhyolite are the fall-makers. Rugged spurs and pinnacles 
are left as the walk of die canyon are worn back, all vividly 
splashed with colours of every hue [ Plate 3Wa). 

I piifted area* of plateau basalts of varying resistance 
provide die structural background for some of the world's 
greatest falls, in the Brinsh tales the most attractive examples 
f>l this kind are those of Glcnariff in Antrim. At the Vittorio 
Falls ; Plate >tps) the Zambesi drops 300 feet from a nearly 
level basal Lie plateau into a gorge itti miles long, iWngh 
which it rushes as a powerful torrent with surging rapids at 
intervals. The extraordinarily acute swerves of the upper 


GREAT WATE&FA1-U 


part of tlie gorge wHI illustrate tile dependence of form on 
structure. Shatter zones which lie athwart the genera] . ounc 
of tJic river, and furnish easily removable masses of basalt! 
have conirolled the risEzajj course picked ous by the falls and 
followed during their recession. 

The Gtiaxra Filth of the Parana River, where lit becomes the 
boundary between Brazil and Paraguay* have developed in 
llir Pa rani basalts. Here a narrow gorge ha- Wen cut deeply 
back into the broad river floor, so that, betides the full it the 
head, there are twelve Lateral hdli on one ridi of the gorge 
arid five on the other- Taken as a whole this ibire-mflo pano¬ 
rama of flrib b the greatest in Ihe world- Although the height 
is only 13ti fret, die mean flow of ivatci is more limn Cwire that 
of Niagara* firing in six limes greater when the river b in 
Hood. Tributaries entering the Parana below Guayra abo 
descend in falls, the chief example being the Igttazu Falls on the 
Biaril-Argentmt Ixjurtdary* Ttiesc are twice as high as the 
Gtiiiyru ft ills, but, except iu Hood, Lhr volume tmicti less 
than that of Niagara. 

Where rivers pu^ from uplifted arras of ineiamorphu and 
mjttttjvc igueents rock* to a plain of weakly r^tmu format inns, 
waterfalls are minuted and often gain height a- tlicy recede. 
The rivers flowing from the hard rock* of the Appalachian 
uplands have thus developed fnlh and rapids along the ** fail* 
zone 1S before they reach the softer sediments of the Atlantic 
coastal plain. More spectacular examples of this type are the 
Panic AJfomc Fath of lhe Rio Francisco in the Pre-Cambrian 
crystalline rocks of NT- Brazil, with a drop of 270 feet at the 
head of a canyon 42 mile* long : the Aughmhm Falh MOO feet), 
where the Orange River passes into a grim and desolate gorge 
of nuked granite and gneiss Tig* tJUJ ■ the Grand Falls qf 
habrad$r t rein ark a We for a steeply slanting crest which gives 
the River Haniilrun a high velocity c\ en before it Iseg im iu leap 
of 3i)0 foci ; and ihc Gt nop fix Fails m (hr Western Ghats of 
N.W. Mysore, winch have a Aheer drop of 830 fmh In the 
monsoon floods the Usi of these has some claim to be considered 
the greatest single foil m the world, for il then i tmibines great 
height with exceptional volume. In the dry season, however* 
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St dwindles to a trifling flow. There arc maov falls of greater 
height, bm these arc all due to small streams falling over 
precipices already provided for ilicm (see Plate S3). 


Widening of Valleys 

Widening or valleys by thr wearing bail of the tides U 
accomplished by a great variety of processes, These include 
the tcqlitmg and fttctpctiing gf the channel by the river 
rara-wjuh and gullying; ^nihcrccp, slumping, land- 
■ (1 llJlt ^Viiliiaclits j * hrmicaJ wceitlicritig and [caching by 
grouud-wati i ■■; tcmovnl of loose material by wind ; and the 
general co-operation ol incoming tributaries, which widen rite 
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main valley where they enter it. Th* V-shaped oros-prcifile, 
which h chanicteristif of valleys widened in homogeneous 
rocks, opens out mare quickly in soft rocks than in bard* and 
this dfcct controls the form of the profile at all levels. Thus, 
in a valley carved through -■ series of ahc-maiing hard and soft 
beds din sides rise by slopes which arc steep and precipitous 
where the edge of a bred band outcrop# ; terraced, across the 
exposed top of such a band - and of intermediate gradient 
where the rocks arc lc*s rcsfetallL The Grand Canyon of 
Colorado dearly ifltiJtrals—at a vciy youthful Huge—thi* 
dependence of profile on n m hire Id). At the other 

extreme, valleys in broad Urn chiral down warps at a low level 
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arc wide and biw all the superficial diaracirmtic* of old age 
from the staru 

Voting stream? ate rarely itrajght for any distance, but 
rend to follow ,* winding course Fig, "1 . determined in the 
first inula m e by variation* in thr rocks encountered and in 
the structure* of those rocks. Several effect* of fundamental 
import ance are brought about ns water flow* round a curve. 
The main current uf the -siream AB in Fig. “2) is drftected 
to wards the outer bank well beyond the beginning of the curve* 
At the same time the centrifugal force acting on the water 
concentrates it towards the outer bank where it heaps up, A 
return current along the bottom ut, 4, r„ 4» in Fig, 72), directed 
towards the inner bank, b thus sci up* The stream flow*, itt 
tut, with j screw-1 ike motion. These conditions obviously 
involve maximum erosion on the outside of die curve and 
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minimum erosion or deposition on the inside (Fig. 73). The 
resulting changes in the riser channel and valley may be 
summarised in order, as lollcuvs Fig, 7U : 

l. Thr channel is deepened on the outer side of each bend. 

,, '~ r haul; is worn hack ami undercut by lateral 
tut dupes above arc consequently steepened, 
—— ; river cliffy 

3 . As each bend is thus widened and deepened laterally, 
the river shifts towards the undercut slope, and a tapering 
spur, sometimes called dvr “ slip-rdf stone n left on the 
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opposite side, often with ^ shingle- or *and*bank at its foot, 
deposited there by the bottom current (Flute JOA ; sec also 
Plate 41a). The valley thus becomes highly asymmetric:!! 



Fn. :a 

To illDAiraee the llqw tsf wtief nMjEkd * bend tn teciintn mid llir mulling 
latrmJ ciura-Liofl and dcpmiiinn 

in cros 4 -profile. In plan, the interacting spurs aUernalr with 
the undercut slopes. 

4 , Each bend is enlarged downstream as well as laterally, 
and thus tends to migrate downstream as a whole. As each uf 
the migrating bcucU ih sinuous stream teaches Lite spur neat 
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below, lilt* latter in turn Li iiuderctil and trimmed off, while 
depletion now begim at the foot of thr temporarily abandoned 
undercut slope cm the other side of the valley floor. Ktth time 
a bend swings hack to u shingle hank the river is at a lower 
Icvd, and any portion of the bank that is not then removed 
remains as a terrace on I lie valley side. Such features are, oi 
course, only short-lived, because as the valley is widened they 
inevitably disappear. 

n, By the repetition nf this widening process* as bend after 
bend migrates down, [ream, t|ir spurs are all gradually c ut 
away, and a trough-like valley with a nearly flat floor bounded 
by bluffs is developed (Plate 30). Tlic shingle banks arc now 
rtilarged into broad embayments between successive bends. 
The beginnings of a Hood-plain are thus established. During 
the continued development of this stage the river become■< 
graded and further decjxming is then extremely slow. 


MKAKDEttS 

As the river c ontLuurs to swing from side to side, it under¬ 
cuts the bluffs wherever a bend impinges upon them, and so 
the widening o| the valley floor proceeds, wliile the slopes above 
are slowly wasting away. The channel is now entirely in river 
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deposits, bedrock being exposed only in and below the bluffs. 
Eladi part of'the material deposited ou the growing flood-plain 
is worked over in (urn during the downward sweep of the bends, 
fresh additions from above constantly making good, the losses 
h>‘ erosion and transport. The fiends, now free to develop in 
any three lion, except where they encounter die valley side, arc 
moTc quickly modified, Ihe stream is likely to be sluggish 
and easily turned aside by obstructions in the channel floor 
and by the inflow from tributaries. Freely developing bends 
are called mttaiden t from their prevalence in the River Mr-.mder 
in Asia Minor. 


As meanders of short radius are enlarged more rapidly 
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than bigger ones, the curves alt tend to have radii of about the 
same order. But as the curves develop by undercutting and 
deposition [Pig. T5), the meanders swell into loops which 
gradually approach until they coalesce. If a flood occurs 
when only a narrow neck of Sand is left between adjoining 
loops, the momentum of the increased flow is likely to carry 
the stream across the neck and dim short-circuit its course. 
On the side of the '* cut-off " a deserted channel is left, forming 
an ox-bciv lake which soon degenerates into a swamp as it is 
silted up hy Liter floods l’l.ur tin . By making arxificial 
CUI-ofh 1 1 1 -.S7) the Mhrisrippi River Commission has short¬ 

ened a 33 i-mile stretch of the river hv It A mites. The natural 
short-circuiting process sets a limit to the growing radii of 
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meanders. Where rhe channel of the Mississippi is about half 
a mile wide, (he meanders commonly have a radius of I or G 
miles. Narrower stream* develop meanders or proportionately 
smaller radius l if. Plate 8ua). 

As a result «!'this restriction on pTOWth, a meandering river 
flows in a mantlet^hdt (Fig, TO}, which is usually about 15 to 
18 times the width of the river. The meanders themselves 
Swing down the belt with a nakc-likc motion. Rdirs of old 
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ox-bows, indicating the position* of former meanders, can be 
dearly seen from the air, although they may no longer he 
obvious on the ground. This is became the vegetation re¬ 
flecting the difference in soil and drainage) of an infilled ox¬ 
bow late differs from that of the normal alluvium. 

The valley reaches full maturity when its width is about 
the same as that of the meander-bell appropriate to the width 
cj| the river. As the bordering bluff* of the valley continue in 
be cut back where individual meanders impinge against them, 
the valley floor slowly expands until, after an immensely long 
period, it may attain a width several times that of the meondcr- 
helt. I he latter then itself swings to .mil fro across the wide 
flood-plain, and old age has been reached. An interesting 
indication of the swing of a meander- hell w as provided by the 
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discovery of the ruins of the ancient city of Ur of the Chaldees 
■—the home of Abraham—in Mcsopoiaraia, Five thousand 
years ago the Euplinttei in as iniits to the west of Ur ; now 
it is 0 miles to the east of the ruim. 

Flood Plains 

if a stream b heavily laden with id.irw debris from nearby 
mountains, its minimum gntdfc-m and rate of Bow are neecs- 
ijirily greater titan for am carrying finer mo ferial. floods 
subsidy bar. and islands of shitigh- are left on the channel floor 
and the stream is obliged to divide into a network of many 
channels. Such .1 it ream said to lie bunded Plate (iib). 
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Thoroughly dogged river* of this kind, much of the water >d 
which flows below ihe surface through the mtcivth c of the 
shingle, do not make mrandcn. 

in the early stages of flood-plain development by streams 
less heavily charged with coarse debris, ihmgie*biuiks arc 
deposited on the iimn tides or Ix-ntb, and three may gradually 
expand to form a deposit of river graveh over a wide ami 
(Plate 40 a s. I>ater. however, when meanders are developing, 
the stream carries only wind, dll, and mud, and them are 
spread by flood.* as a Sfiieer ol alluvium aver the coarser 
deposit', ol mi earlier ctage. Each time tin' stream overflows 
its batik: the current b rhr* lied at the margin of the channel, 
and the cosnnt pan of the Jnsid is dropped llicre. Thus, a low 
rmbankmnir <JT lever h built up on Cadi side ,'Fig. Betond 
the Irveer the ground it lop. ■ down, and iu consequent r is 
liable to he marshy. During floods, levees may grow acm« 
the junctions of small iributarif- . The latter ut r then obliged 
to follow a meander in.: counc of duir <,wti, often iiir many 
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miles, before they find a new entrance into the main river. 
Depressions occupied on the way become swampy. The 
characteristic features of a flood-plain thus include meanders, 
ox-bow lakes and marshes, levees, bordering swamps, ;ind a 
complicated pattern of lateral streams. 

Levees afford protection from ordinary floods, but the 
river then begin* to silt tip its oittfinrd channel with material 
chat would otherwise have been spread a, alluvium over the 
plain. It.- |c\d is raised, and the (even, grow- up with it, so 
that the danger from major floods becomes greater than before. 
To obtain increased protection artificial levees are often built, 
but these provide only temporary security, since they accentuate 
the tendency of else river floor to rise. I u the if kkJ- plains of the 
Fo in Italy and of the Hwang Ho and Yangtze Kiamr in China 
the built-up levees arc locally higher Ui:lii i]je neigh I touring 
house-tops, and the rivers flow at a level well above that of [lie 
adjoining land. Such conditions arc obviously citrrmdy 
dangerous, as a severe flood may break through the levee and 
bring disaster to the agricultural lands over an enormous area. 
Along the Mississippi and its tributaries the flood danger is 
a serious menace. Little more than a century ago floods were 
easily controlled by levees about four feet high. The Jcvces 
have since had to be raised several times. By lit27 they were 
three nr four times as high, but nevertheless a great flood then 
broke through and devastated 25,000 square miles. Stronger 
levees up to 20 or 30 feet high have now been built, hut it Li 
cleat that l hi 1 method of flood control is far from satisfactory 
by itself, II cun, however, be supplemented by i rfo reflation 
of upstream region* (to reduce the rate of run-off), by the 
straightening and dredging of river channels, and by the 
allocation of certain areas as storage reservoirs for flood water. 

The Mississippi floods, like many others, result from heavy 
rainfall in the early spring, supplemented by the melting of the 
winter's snow. If abnormal snowfall is followed by a wide¬ 
spread sudden thaw, so that all the tributaries rise sinnil- 
tnneoiuly instead of successively, as usually hap [tens) a grunts 
flood Li inevitable. Disastrous flooding of the Euphrates 
occurred in 1920 as a result ol the sudden melting of snow in 
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the An at clean Mountains, a thousand miles from Baghdad. 
The I iiamcs floods of the same year were due to abnormol 
nunfal] supplemented by the cfleets of spring tides and strung 
gales blowing upstream, In rivers Wee the Indus great Hoods 
may also hr caused by the release of vast quantities of water 
ponded back by great landslides which sooner or later collapse. 


Deltas 


When a river reaches the sea much of Its load may be 
quickly deposited, partly because the current is checked "and 
partly because the salt water coagulates the line particles, 
1 hr sediment thus settles more rapidly than in fresh water. 
Havefr and currents, however, may be sufficiently strong to 
sweep away the material and so prevent the mouth from being 
silted up. If, in addition, the laud and sea floor are subsiding. 
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or have recently dour so, the valley will be partly submerged, 
and the ever will pass into the sea by way of ,* tidal estuary. 

On the other hand, if tides and currents are weak, as in 
endoted seas like the Mediterranean and the Black Sea, de¬ 
position takes place at the mouth of the river on the sides and 
floor of the channel, and in from of it, so that a broad, outward- 
sloping fan of sediment is gradually built up on the sea floor, 
The front of each part of the fan grows seawards, just as a 
railway embankment is built forward during its construction, 
and the flood plain gradually extends seawards across its flat 
top (Fig. 78), Whiles this is going on, and at a very early 
stage iT the sea is shallow, the channel of the river becomes so 
choked and obstructed that it can no lunger cany all the river 
water. The nvollcn river therefore breaks through or across 
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its banks, and so acquire iwo or more exits to the sen. This 
process or current bifun at ion is repeated again and again, until 
it system of brandling channels, tailed dutribuimts, is termed. 
Tin- mulling seaward-growing icrr.irc of sediment, traveled 
by distribularjes, in a Mta. 

1 lie Delta of the Nile was the first to be so named, l*ccau.se 
of die resemblance of its shape to the Greek letter A, 11 is an 
example of the arcuate type* with a rounded outer edge* modified 
in thi3 ease by fringing sand-spits shaped by sea currents 
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(Fig. 135), After trevming a thousand miles of desert, the 
Nile has comparatively little water left when it reaches the 
Delta, and much of the load is deposited near the apex. 
Frontal growth is therefore slow. The Po delta extends more 
rapidly. Adria. now It miles inland, was a seaport 1, SOQ 
years ago* the average rale of advance ihtts indicated bring 
about rwt J year. Ostia, the seaport of ancient Rome, is 
noVl f<Jur milrj from tin- mouth of the fibre. The richly fertile 
delta of the Hwang Ho in North China lias grown across what 
was originally a bread bay or the Yellow Sea, A large island 
now the Shantung Peninsula, has been half surrounded. Since 
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1$JM (hr main branch of the river has emptied U> the north nf 
Shantung, but before then it flowed across the southern sertioa 
of the delta :md readied the sea about :l<>0 miles from its 
present mouth. In that year and again in ISH7 there were 
calamitous floods in which the loss oflifc from drowning and 
famine amounted to many hundreds of thuiisaiuSi. 'Fig. 70). 

Most deltas, like those mentioned above, arc arena te. Their 
distributanes may be braided if the sediment deposited is 
coarse. If (he sediment is finer, meandering courses mud to 
develop. The Mississippi, however, is exceptional in that 
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it extends its months seawards by way of deep channels, 
locally called " passes,” which are outstretched like fingers. 
This part of its delta is the chief example of the bird's foot type 
[Fig. 80}. The sediment brought down by the Mississippi 
contains an unusually high proportion of fine mud, and 
deposition U therefore, mainly on the levee-like side- oT the 
channels, thus confining them within impervious banks of 
clay. One such mouth b bring extended 2»t* feel into the 
Gulf of Mexico every year. 

The Mississippi delta if slowly subsiding. As deposition 
has kept pace with the sinking, thick accumulations of deltaic 
sediments have been built up. Borings prove a thickness up 
to at least 2,000 feet, and the low values of gravity—cwrespond- 
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mg to the bw density of the underlying sediment suggest 
that the actual thickness may be immensely greater. Similar 
accumulations of sediment, made possible by subsidence, are 
characteristic of most large deltas, including those of the Nile 
and Ganges-KrahmapuLra, 

Lakes, in which currents arc negligible, provide highly 
favourable conditions for delta growth. When, in addition, 
their waters are salt, the rate of deposition from incoming 
rivers reaches its maximum. The Terek delta it at present 
growing outwards into die Caspian at the rate of 1,110b feet a 
year. 
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Chapter XJ 


DEVELOPMENT OF RIVER SYSTEMS AND 
ASSOCIATED IA\’l 1FORMS 

Tributaries amp Drainace Pattern* 

A OQNjE^tiisT stream is one whose L’riginal course is deter* 
mined by the initial slopes of a new land surface. From a 
volcanic cone or an uplifted dome the first streams flow off 
radially. A long up warp or geanticline provides a linear crest 
—die primary watershed or divide—with slopes on each side. 
In many coses the uplifted urea consists of a coastal plain 
barked by an older land already drained by rivets. These 
continue down the new surface as tximHtd cttmtqumis, If there 
is no ** old land,” the consequents begin some way lidow the 
crest, at each point where the drainage from above just suffices 
to initiate and maintain a stream. As the valley head widens 
and increased drainage Is secured, each such ft ream h pro- 
gnsavdy lengthened by head ward erosion. If uplift continues, 
the consequent streams arc eom^ponduigly lengthened by 
seaward attemion. 

As llii? consequents dig in, the vallry sides furnish secondary 
slopes down which iribinaries can flow. The tributaries 
lengthen by headword erosion, which picks out the least re¬ 
sist ant parts of the rocks encountered, such as jointed or 
fractured belts, or beds or clay or shale. Subject to a general 
tendency to flow at right angles to the contours uf the 
consequent valley, die pattern formed by tributaries and 
consequents thus depends largely on the nature arid structure 
of die rock which are being dialled. The latter may be 
homogeneous through a considerable depth, or they may 
consist of a -.1 ratified -eric-, <d alternating strong and Weak 
beds. 

Where the rocks have no conspicuous grain and offer 
nearly uniform resistance to erosion, the headward growth of 
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a tributary (beyond the slopes of the consequent valley) is 
governed primarily by die initial rvtjional slope, with modifica- 
Uutii controlled by haphazard irregularities of surface and 
istructurc. Because. of these uoidentaJ controls such streams 
are said to be The ftguuul dope, however, generally 

dcicrniiuefc the prevalent direction followed by an insequent 
tributary : it commonly makes an acute angle with the up¬ 
stream ['art of the consequent valley. As each iroequent 
ttteani develop its ovm valley, it receives in turn a second 
generation of tributaries. I hr branching drainage pattern so 
established is tree-like In plan, and is described as dendritic 
(Pig. Kl). If the rocks arc well jointed, however, a more 
rectangular pattern Is likely tc result. 

Where, as commonly happens, the rocks consist of belts of 
alternately weak and strung beds, dipping seawards, the con¬ 
sequent valley b narrow and steep-sided where it cuts through 
reststatu beds (sandstones, limestones, lavas, or sills;, and broad 
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and open where it crosses outcrops of weak liedi flay or vhale). 
A tributary beginning on weak rocks lias a great initial 
advantage. Headward erosion guides it bark along the weak 
bed, pa ml Id to the alike. Surh a tributary 1*5 culled a niA- 
itquati stream. The reft angular drainage pattern termed by 
consequent itreanw paroDd to the dip and subsequent streams 
parallel to the strike is described a* tnUiitd cf. fig. Ho), Later 
tributaries add further detail to the treilised pattern. 


SntFTtKc. of Divides ant> River Capture 

The position of a divide remains permanent only if dir rates 
of erosion arc the same on each ride, a state of affairs dial is 
practically never achieved. It usually happens dial the 
opposing slopes an- unequally inclined, and that erosion is 
more effective on the steeper side. Consequently the divide 
is gradually pushed back towards the side with the gen tier 
slope (Fig. S2j. In primary divides this effect is most rapidly 
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produced by headward erosion of the consequent valley- 
heads. As the latter work back through the crest, some from 
one side and some from ihe other, the divide becomes zigzag 
or sinuous, while the crest is notched and becomes increasingly 
uneven (Fig. 83). As deepening proceeds, the dissection of thr 
ridge is steadily elaborated and the more resistant rocks 
between the valley heads eland out as peaks. Where the 
headward migration of One valley head mcroacha on a vailcy 
head at the other side, the notch in the crest develops into a 
«>/ or pass. 
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The new drainage area thus acquired by n headward 
growing consequent stream is generally of tittle importance, 
Migration of the second urv divide between neighbouring 
consequent valleys kads 10 far more revolutionary rhanges. 


Fin, hi 

Diagram !■> *h?*,+ Impanilil^ rh*-f t^pnrrf. Th< Ai^ucm iiit^iq $| 
CdUknir ku.L nl u sdjakrb Liv* lrvd i^slrb tie Cou^<;ijrifcl icrwn C| 


One of the original consequent rivers k likely to have a bigger 
drainage area than its neighbours —either because it flows 
through an undulation in the initial surface or because it is an 
extension of an earlier river in the " old land n behind the 
coastal plain—and the valley of this major stream h therefore 
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deepened and widened more quietd; than the neighbouring 
consequent valley?. If the Intend divides are pushed back 
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until they rearh these minor streams, the latter and their 
drainage areas art absorbed by the major river. 

Capture of drainage on a still bigger scale becomes possible 
when the major river acquires vigorous subsequent tributaries, 
each working along a feebly resistant formation and each 
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pushing back the secondary divide at its head (Figs. *4 and K5). 
Endowed with a relatively low local base-level, a tier ply 
entrenched subsequent, c.g. S, in Fig, tJfl, cue. back towards 
a consequent C* vvtiich is still draining an area at ■; higher 
level. Eventually C, is intercepted, its brad water:- arr diverted 
into S„ and its lower course is beheaded. This process is 
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calleri rim Mfihirt, Ihc rcclangutar bend r nt ihc point of 
diversion is known as the dhow of tapttut. I he beheaded river, 
now deprived of much of its drainage. b dev ribtJ .u a misfit, 
sine* its diminished size is uu longer appropriate m the valley 
through vdikh it fiowg. Its new sotttre h v>me way below the 
elbow or capture and the deserted notch, W& at the head of its 

*78 










EXAMPI-F-S OF RIVER CAPTURE 

valley becomes a wind gap. A subsequent stream S.» which 
originally entered die captured stream near or a Wove the elbow, 
now has its local base-level lowered to that of S,. It is thus 
enabled to deepen its valley and to extend back wants until it, 
in turn, reaches and beheads the next consequent, C> A major 
consequent river, with the aid of its subsequent*, may therefore 
acquire a very targe drainage arcs, ni the expense of its neigh¬ 
bours. 

The rivers which flow into the- estuary of flic Humber 
illustrate the develop mem of an actual river system by the 
prftrw of capture outlined above. The uplift of the Pennine* 
provided the slopes down which a number of consequent 
si reams flowed into the Menth Sea. Of these only the Aire 
Still maintains an uninterrupted course. The Wliaife, Grider, 
and Don were probably tributaries of the Aire from the start. 
The Nietd, Urc, and Swale, however, have each laen captured 
in turn by the Ouse, a powerful subsequent stream which 
worked back northwards along the soft strata of the Trias 
I Fig. 87), Oil the eastern side of die Ouse it is difficult to 
trace the former courses of the beheaded streams, because of 
uplift id the Cleveland Hills ami obliteration of the older 
v.illey> by glacial deposits. A more diagrammatic example is 
provided by the rivers of Northumberland. Tlie three main 
streams, <r, ft, and r, uf the North Tyne system clearly i i >rrey piard 
to the VVansbeek, a\ a tributary of the Wans beck, and the 
Blyth, r'. The headwaters of the forerunner* of these were 
captured by the North Tyne, a subsequent of the Tyne, as it 
worked back along Lite soft beds of die Soremerston Coal series. 

River capture by subsequent which developed along the 
clay formation known as die Gault has greatly modified die 
drainage of die Weald. Examples can easily be recognised in 
a map of the region. 

Escarpments ano Related Fkatcres 

The valley of a subsequent stream is widened arid deepened 
between divides formed by die band* of resistant rock on either 
side. As the weak bed is gradually worn away, the upper 
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*“*&« of underlying resistant bed is uncovered, .tnd or 
rhis side che valley slope therefore approximate to the dip. 
On the other side the overlying resistant bed is exposed at its 
base and, as a result of undercut!ing and the felling away of 
joint blocks, U soon begins to stand out as a prominent ledge 
Inch steepens into a;j ist&rpmfnlj fnting inland [FIjj* As 

ihr subsequent siiejm, keeping pace with its consequent, 
continues tn deepen its valley in the weak rocks, its chaiind 
gradually shifts in the direction of dip, that », towards the 
escarpment. The latter is thus steadily worn bad, leaving a 
gentle dip slope on the other side of the valley. The valley 
ttsdf, ;« it becomes wide and extensive, develops into an 
vrtenor hw/attiL Smali tributaries, known as abuifumt streams, 
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descend the escarpment, others, called secondary tenseatmitf. 
flow down the dip slope* and both « add to the trellis pattern 
yf rhe drainage (tf. Fig. kc). 

Fig 48 illustrate the succession of escarpments and interior 
lowlands between Gloucester and the London Basin From 
the Litis dap and marls of the Severn valley the escarpment of 
die oolitic limestones of the jumssic rises to the crest of the 
Cotewoids. rhr Oxford Clay is responsible for the interior 
lowland occupied by the Thames above and below Oxfurd. 
A mui nr escarpment, that of the ComDbu limestone, is then 
filiowod fay the interior lowland t>r tlie Kimmeridge Clay, 
Bjyond this the Chihcm Hills represent the escarpment of the 
Utolk, the dip slopes of which lead down to the London bnsiu 

* fli J “carpmem curves round to the eastern 

side of tilt \\ ash, and ctmmiucs to the north as the iJncolnshirc 
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and Vorkshire Wofds. On the south side uf the London basin 
the Chalk again emerges as the great escarpment of the North 
Downs which, less eompictipusiy, swings nStind thr Weald 
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to appear again on the far side l* thr iouth Downs. For illus¬ 
trations of other escarpments see Hates in and 12 a, 

An escarpment and its dip dope together form a feature 
ibr which Lhcre is no iaigli-.h name. The Spanish term ritrjfa 
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(pronounced qaata) has therefore been adopted. If the beds 
dip at a high angle, die dip slap? becomes as steep as the 
escarpment and die feature corresponding to die cues in i* 
simply a ridge or hogback Plate 42»). At the other at rente, 
in horizontal beds, the cuista becomes a jtkj.i .Spanish for 
table), that is s a tableland tapped by a resistant bed and 
having strep sides all round. Table Mountain, behind Cape 
Town, is a small hui high mesa which has been developed 
by erosion Irom a fault-block. By long continued wearing 
hack of the sides, a mesa dwindles into an isolaied flat-topped 
hill. In America such a hill is called a butte f hum its resem¬ 
blance to the butt or bole of a tree, and the term has been 
widely adopted. In Western America Ini ties commonly occur 
where die beds dipping »>ff the mountain Hanks flatten mu 
iFigs. 8* .md 90). in South Africa, however, similar residual 
landforms, many of which are capped by isolated relics 
(outliers) of once continuous dolerite sills are called kopjes. 


Superimposed Drainage 

In many regions ancient folded locks are now exposed 
which were formerly hidden beneath an UUCordortagble cover 
of later sedimentary formations. Thr rivers initiated on the 
cover, with ;* drainage pattern appropriate to its structure, 
ultimately cut their valley* into the underlying rocks, main¬ 
taining their tnunes with little or no rdhtion to the very 
different structures in wltitth they then find themselves. As the 
cover is gradually remmed by denudation the old rocks art 
exposed over a steadily increasing area, the drainage pattern 
of which hnjj been superimposed on it as an inheritance from the 
vanished cover. 

The clearest example of superimposed drainage in Britain 
H afforded bv the rivets and lakes of the Like District. As 
illustrated in Figs, -it and Ut; the Lake District consists of an 
oval-shaped area of Low er Palaeozoic rucks (folded during the 
Caledonian orogenesis and haring a general trend from E.i\".li. 
to W.S.W.) enclosed in a frame of Carboniferous Limestone 
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anti New Ren! Sandstone, the beds of which everywhere dip 
outwards. The younger formation* originally covered die 
older rocks* During Tertiary Lime* the region was uplifted 
illtu a siigfady dohgaled Horae, with its axi* curv ing towards 
the eiiit from a culminating point which lay above the? present 
summit of Stalell, The consequent streams ilia! flowed 
radially down the slope*, of the dnmr still persist in thr older 
rocks, ‘i’ht radial pot tun of the valleys and mountainous 
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( 1 ) SUd:U-w Nlfli'i l -1 Bnr^iwiUtc \ | 3 ) (l^tHan I.tmwmrw 

(t) Silurian ffrj Cr,iThoTutrT-’!iii *^M" 1 * iliM Mfffr SiJtrLilotic 

mimn^u unified) 

ridgft cmticcl near Scafell n partiwilurly atrikiiig, As mint* 
be red on Fig. 01, the valley} are 1 1; the headwaters of Borrow* 
(lilt and Drrwemwater ; l': Luigikilr- and Windermere; 

(3) The Duddon ; (4) Eskthdr; [5) WnsdsUc and ’Wastwater ; 
(0) EiiiiL-rdiile ; and <~,) Btntcrmerr and Crummock. To the 
cast, the streams leading Into < ^mistnn, Ulkwatcr, and Hawcs- 
water flow off the axis towards The north ; :md another set of 
streams, some feeding Windermere and others draining 
directly into die Irish Sea, flow southwards. The lakes and 
many of the other scenic ft-muxs of the Lake DittHci have 
multed from glaciation. 

The Appalachian river* of the United State* mc now inter' 
preted as an example of superimposed drainage. Long after 
the rokking of its Palaeozoic rocks, the Appalachian licit was 
virjoi down and buried beneath a cover of marine sediments. 
Later the region was uplifted, consequent streams flowed down 
the sIojk* o( die covet into the Atlantic, and eventually cut 
their valleys into the foundation rocks. The cover has now 
vanished, ;uid the Appalachians have been dissected into long 
mountainous ridges, but the main rivers continue to cros the 
hitter through deep " water gaps." Examples of these* great 
notches rut through the apparent barricre arc die Hudson 
gorge in the Highland* of New York State; the Delaware 
Water Cap (Fig. G3) farther south ; and the gap of the 
i'ntomac at Harper’s Ferry, famous during the Civil War as 
the strategic gateway into the broad interior valley of the 
Shenandoah, 
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tt lias now been made .ihiiiicfamly clear that rivm, and 
indeed all landsr.ipr features, are continually changing. 
From the rime when the sculpturing of a newly uplifted land 
area begins, the valleys and associated Lindfiu-nu pass through 
a series of well characterised sLigti, rderred to as youth, 
maturity, and old age T until, if sudden interruptions due to 
earth movements do not intervene, the whole area is reduced 
to a peneplain. The whole sequence rtf the changes involved 
in this evolutionary development of landscapes is t ailed the 
normal trplt of notion • Fig. 84), the term " normal " implying 
that the development is controlled by river action and stir lace 
erosion under humid conditions. The cycle concept—perhaps 
the most fertile ever contributed to geomorphology—-was Utter 
applied by IV. M- Davis, its originator, to the distinctive Itmri- 
fortos developed by erosion under glacial ami arid conditions, 
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A river system may lw* till youthful it) its upper trai ts, 
Yi hilr the characteristics of maturity have already been reached 
lower down and tiiav, indeed, have passed into (lie monotonous 
feature' oi old age towards the sea. The completion of each 
stage is Jim attained in the lower tract, and slowly creeps 
inland. In the course of a trill cycle rivers and landscapes 
have a relatively short but vigorous youth, a much longer 
period of mature development, and an extremely long old age 
of decline and degeneration <Fjg, 96), 'Hie actual time re¬ 
quired for a cycle to run its course in any given amt naturally 
varies enormously with die height stud struc ture of the uplifted 
area, and with the si re \ if die rivers and their drainage basins. 
A million year* or so may suffice to bring comparatively small 
rivers, like those of Britain, wdl into the stage of old age, but 
the great rivm of high Asia may Mill he far from com pitting 
their prodigious task in a hundred million years. 

The stage of youth ideally begins with the dissection of a 
featureless plateau or an undulating folded region, ft is 
essentially the period during which the valley form h under¬ 
going vigorous development, especially in depth and headward 
growth. The early riven flow swiftly and have irregular 
gradient:. Lake-, rapids mid waterfalls, and gorges, are highly 
c hiiTaifcrutic lenturc- In recently folded regions the main 
rivrrs occupy ivnt'lin.il lorntwi, Itibufaiy development pno- 
Cr ' fl' rapidly during youth and river capture is common. The 
streams compete for space until the victorious ones acquire 
well defined valleys and drainage areas. Between the valleys 
there are at first extensive tracts of the original surface, jjoofiy 
drained and often swampy. As the valleys widen, and the 
divide* are pushed back, die ureas of these tracts gradually 
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Maturity 


Youth 


Fhj. M 

V^oiiiiij down inland lurfiur from yen ilk 4) through nimun'Ev (A) m old jiijc k 
..I/'r" 1.4'. rVnnVjurfi7. T, Tmmrtki 

dimmish. The youth of dir landscape meters into maturity 
when the relief attaint its maximum amplitude, The area is 
then “ all slopes ** (stage 3 in Fig, H i), the last traces of the 
initial surface disappearing as the summits of die divides begin 
to be worn down. River systems reach the end of the youthful 
stage when the main stream and its. chief tributaries become 
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graded, that is, after lakes, waterfalls, and rapids have been 
di minuted, and gorget have widened into V-shaped valleys. 
Most lakes disappear during early youth, but exceptionally 
deep ones, like the Great Lakes of North America, survive 
mticlt longer. 11 may happen, of course, that grading or a river 
system is not hilly established for some time after the initial 
surface has vanished. The land surface will then have reachrd 
maturity before the rivers have completed their youth. Gener¬ 
ally, however, when rivers still obviously in their infancy 
traverse a landscape which is long past its youth, the contrast 
is due ti> uplift of an area already dissected by an earlier but 
tmeoropkred eyrie. 

At the Jicgiiming or the stage of maturity the divides are at 
their maximum height above the* v.Jlcy doors, anti the valleys 
have reached llieir maximum width, as mrasumi from divide 
to divide. I ] if rcaller, the upland surfin'/' are slowly lowered, 
but slow as tills drawn-out process may be, it ti faster than the 
lowering of the graded valley floors. Subsidiary tributaries 
Mill develop, and some rivers may continue to increase their 
drainage basin* by the capture of neighbouring streams. 
As the top/kgraphy gradually becomes more subdued, the 
mountain peaks of the greater ranges and the hills of the sub* 
d diary ridges are rounded off into broadly sweeping curves, 
the convex summits passing into concave and graded slopes 
w hich lead down to the bordering bluJFs and dais of die valley 
Hoots. The latter are increasingly widened by lateral erosion ; 
meanders ore characteristic, and alluvial plums become rx- 
tensivc. In youth the flat surfaces of tin* lands a(w are thosr 
of the initial surfatt (apart from die lacustrine fl.n- of infilled 
lakes), whereas in maturity the ilui surfaces lire the valley 
floors, Nc,j r [hr ca the divides between the flood plains of 
neighbouring rivers may be completely worn down to plains 
of bedrock mantled with rodc*wastc. Here chemical weathcr- 
^ becomes dominant and deep soils develop. The Hood 
plains gradually coalesce and extend inland at the expense of 
the wasting divides, in this region old age has already lteguii. 

There art no distinctive feature! in terms of which the 
die dose ol maturity can be dearly defined, but old dgt is 
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PENEPLAINS 


generally con* imereti to have set m when the valley floors 
reach a width several tiniw that of the meander-belt. The 
w idening <>f the valley floors hy lateral criisioji, and the lowering 
of the divides by rhemical weathering and surface creep, con¬ 
tinue as before, hut ever more slow ly as base-level is approached 
over a wider and wider area. The process may become almost 
infinitely slow, but so long as streams can carry a load, even 
if it be mainly in solution, the reduction of the land towards, 
base-level proceeds in definitely. The uplands of youth and 
die mare of slopes of maturity are top faced in dd age by wide¬ 
spread lowlands rising gently inland. The region hits become 
-i ptntpialn* Over sedimentary rocks the relief is uniformly 
faint. But in geologicalJy complex <>rr.grnic belts the pene¬ 
plain developed across their t n stalltnc roots is rarely, if ever, 
brought to surh perfection. Hie more stubborn rocks, such 
as the most resistant parts of granite stocks and hathoiiths, 
continue to stand out as occasional residual Mil* Sucli 
enwional survivals arc called muneultidcks, aftrr Mount Mound- 
nock in New Hampsliire, which h a typical example- of its class. 
In sedimentary region* penetrated by vulcanic necks, the latter 
may long persist as monad nocks. 

For the perfect development of a peneplain it is essential 
that liie area should not be uplifted. Few regions of die present 
lands have escaped recent earth movements, and present-day 
pcurplains ■)! considerable extent im- therefore rare. Western 
Siberia and die country 3round Hudson Bay are noteworthy 
examples of peneplains, but even these have had their surfaces 
modified in detail by glaciation. 


The Isostatk; Response to Denudation 

1 lie reduction of a region to a peneplain involves the re¬ 
moval of an immense load of material, the mass of which is 
proportional to the height nf the initial surface. While the 
crust was being thus unloaded by denudation, slow isostatic 
uplift must have been continuously in progress, thereby giving 
the rivers more work to do and delaying its completion. This 
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effect lias so far been tacitly ignored for the sake of simplicity 
of treatment, but il should not be overlooked. 

Let os suppose that a thickness of 1*000 feet of rock having 
an average density of 2-0 has been removed from a region while 
isostatir equilibrium is maintained and no independent earth 
movement occurs. The mass ton h proportional to 1*6 X 1*000, 
and this must Im- made good by the inflow at depth of a thick¬ 
ness fi of material with a density of about 3-4. Hie condition 
for the maintenanceflif isostasy is that 3*-lA= 2,600 fri t; whence 
h= 765 fret. This influx ofsima raises the plane AB (Fig. UUj 
toA’B', .Lin! the new surface is only 2&1 feel below the original 
level of the denuded block of country. For the development of 
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frritaiic Ripaivr til dr-nodtukin ; apUft of 



bualttfk LTx|MiLLH* |t> sirJl iliiaTMrt! J Uplift ol 
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a peneplain From an initial surface which stood l,0tii! feci 
higher, the thickness of rock to be removed is run 1,000 feet, 
but about four times as much. 

Such uplift must be considered a normal accompaniment 
of a eyrie of erosion. It involves the curious effect that during 
late youth and early maturity the summits of peaks and divides 
become elevated above the initi.il surface. This is illustrated by 
Fig. 07. When the tToss-sectiiitta] areas of valleys anti divides 
are equal. Iialf tiic ritrss nl the denuded bli>ek has been removed. 
The plane CD will by then have been raised to CD', i.t, by 
76u/2 fret* assuming the summits to be l,tHMi fret above the 
vallry floors, The bearing of tins remarkable result on the 
high altitude* of the Himalayan peaks is referred to on page 201. 
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An ujmptr uf all tljllilldl peneplain, hua# itrrjily diwndJ 


U PLIfTED PlENEPJJUKS 

The isosLitii uplift that .u - companies denudation is. of 
course, not competent to uplift L t peneplain once it is farmed, 
Jt has merely delayed peoeplanatkra. The uplifts referred to 
here and in later sections are those tine to independent earth 
movements. 

IVjicphuiis representing the practically completed cycles <if 
former periods, hut since uplifted to farm the initial surfaces 
of later or present-day eyelet, cun be detected in many land* 
scapes. In the Grampian Highlands .in old peneplain, now 
dissected into a landscape of late youth or early maturity 
dhough modified by glaciation), is easily recognised by the 
even lltylinc correBppnding to a widespread uniformity of 

summit levels at about . feet [Fig. ntt) r The occasional 

higher peaks which rise above this “ summit plane ” represent 
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I he mitnadiiocks of the old pave plant. A similarly dissected 
uplifted pedcptaiD is represented in Wales by a summit pltuic 
at 1,500 iu iMHHi feet These old peneplain^ arc ilkdhguiJmble 
from uplift# coastal pLiiu by the &rt tlml they miiiftitc a 
great variety of atogenic umrturts. 

A marked tendency to rise at intervals hm controlled the 
geological history of the interior of Africa for many hundred} 
of million* of years. Several «ydcs of rrotfon are recorded by 
enormous thicknesses ol continatiai sediments and by up lifter! 
pvncptaiPB now represented by plateaus sumionticcd by monad- 
nocks of the i usd berg type [page a ll4). 

A peneplain approach] mi completion during the Miocene 

wa ■ iipliiird. warped; ami rtfufaulti-il at the duse d the Mia* enc 1 

and avails at t|ie ouj uf the Tettiury, h - form the uicul plateau 
of Tanyatsydla ami adjoining (i-miorir> page* 4:il . It now 
Hand* at a height of 3,oou m itjm* feet, and macUier^ wliii. ii 
tm- from its utrfricft arr thr rtridual bill* from an earlier pone* 
plain uplifted during Hie Juraviii,. The faults 1 thwderv and 
some ol thr rift v alley ^arp. arr deeply Uttlditd by gorges 
and canyon* with walrrfaiJ* at their heutk* The K a Jam bo 
Faihj thf most celebrated example, came in in existence cm 
the eastern fault-scarp of the Tanganyika rift. T hey have now 
cut back three miles from the lake* and there the placid stream 
above the head of the gorije suddenly mikes a single leap of 
705 I eel over the brink I, f'i", 'M* , 

F-U'lfiei south thr interim pl.ctr.uu of ihr Rasuto Highlands 
anti die High Vdil Whind Natal were formed by the uplift 
of a Crctacevitif peneplain during late Cretaceous and Tertiary 
tiinrs, riii-HT movemeuti were accompanied by depressions 
cd thr coastal area. An euunnam escarpment has since been 
worn back into the plateau country, which reaches a height 
of lipKHi fcet in the tmal ^capped Drakensberg of NTatal 
(Flute #7 a !, On (hr plateau -side of the escarpment Hie head* 
’waters n( Inc VaaJ and Orange Rivers begin their long journey 
to ihe Adamic, while t hr shorter riven uf Nat id begin as mere 
trickles which descend Lite escarpment. Not far from til source 
the 1 ugch River plunge- over the brink nf a precipitous 
amplmlu-atK in thr escarpment. Five dear trap, with inter- 


AFRICAN WATERFALLS 



^ U* ui»« 

fifl; tH* 
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vcninq cascades make up a tool drop of feet. The 

Tugda FaJU. though of insignificant volume, are probably rhe 
highest tu the world. The Great F.scurpment, ai it is called, 
can l>e traced all round South Africa. ll everywhere faces 
the marginal lowland? and maria the edge of the plateaus of 
the interior. 


‘93 






development op river systems AND ASSOCIATED UWOFORMS 


LvTEkRt pnoNS j?i the Cycle o> Erosion 

At any slug? in an uncompleted cycle the normal sequence 
of changes may be interrupted by earth movements of uplift 
or subsidence (often accompanied by faulting), by volcanic 
action, or by changes of climate leading to glaciation, in¬ 
creases! rainfall, or aridity. The distinctive landscape Features 
developed under glacial atid desert cundiduns are described in 
later chapters, ft should be noticed, however, that gJactation 
is complicated by associated effects due to (a) abstraction of 
water from the sea to form ice-sheets anti its subsequent 
restoration when the ice melts away, with corresponding 
changes in sea level and consequently in base level; and 
isrotatk depression due lo the loading of an area by an k<> 
sheet, fallowed by uplift when the ice-sheet retreats and dis¬ 
appears. 

Volcanic ac tivity may introduce local accidents, such as 
die obstruction of a valley by a lava How. Youthful features 
are then temporarily restored while the river is regrading 
its course through the obstacle. On a larger scale whole land¬ 
scapes may lx* buried beneath a thick cover <?f plateau basalts, 
in which cum: a new cycle dim begins on the volcanic surface. 

If n region h depressed by earth movements, its surface is 
bronglu nearer w base level, the work to bo done by erosion is 
dim mb I ltd, and the stages of" the cycle then in progress are 
passed through more quickly. When a depression is Idealised 
across the course of a river a lake is formed see page 432). 
When coastal regions subside— unless sedimentation keeps 
pace, as in subsiding deltas—the sea occupies the lower reaches 
of valley- and cstuflrii > arc farmed. Tributaries which cistern! 
the valley before it was drowned now flow directly into the 
tidal waters of the estuary and become dismembtred it rearm. 
Rivers like the Thames and Humber arc sufficiently powerful 
to keep their channel* open. The sluggish rivers of old age, 
however, may be unable to prevent the growth of obstructive 
bars and spits across their estuaries, and the latter then become 
silted up. The broads of Knit Anglia occupy the site of a 
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former estuary which has already been largely obliterated in 
tills way. The rivirn now flow between levee-like embank- 
mam of sedimem deposited along their rides* and thm they 
liave become separated, except for local channel% Grom Lhe 
sliallow waters of the intervening broads. 

The remaining sections of this chapter are devoted to out* 
standing febiures, such as river terrace*, incised meanders, and 
canyons. developed by rivm in response to uplifts which arc 
inpid eomparrd with the ilow secular uplift involved in the 
maintenance of boslasy. :\s a liver is rawed further above i:-. 

base level, the work to be done by eredon is inrreaised t awl die 
rivet h obliged to begin afresh die Las!- of (trading it- courts 
The river ha* been rtjmtrtaUd and, as a further consequent, 
die landscape is correspondingly rented* The change begins 
where the gradient is steepened, w ith Lhe restoration of youth* 
ftil features such as rapids, and gradual I y works upstream. 
The newly deepened part of the valley b stink as a gorge or 
narrow V in the wider V ur trough*shaped floor of Hie pre¬ 
existing vaffey. The ertsw-prorde shows a marked change of 
slope where the earlier valley form u intersected by the new. 
Above the point in which the new features have receded— 
commonly marked by a step or H kuick 11 in die long*ptolilr— 
the river and its valley retain their burner charnamsticv 
The thick-point is most marked when the uplift has been even ; 
it may not be developed if the elevation was brought about by 
gen lie lilting. 


River Terraces 

When a river that has already csutbiislied a flood-plain is 
rejuvenated, it cuts through its own dcpoiits blip tin under* 
lying rocks. The sides of the original alluvial plain arc then 
left a* fiat terraces above the new level of the river. In Lhe 
I'cmm* i if time the new valley is widened and a second flood* 
plain forms within the tort one, of which only local remnants 
mav survive- By subsequem uplift and rejuvenation a second 
pair of terrace may then be left on Lite valley side. The sides 
of many of die lowland valleys uf Britain Plate 43A) and 
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Western Europe—ami indeed in matt) 1 other parts of the 
world—-arc bordered by a series oi such river terraces, cadi 
corresponding to a phase of valley widening and deposition, 
i d towing one of uplift [ relative to sea level , rejuvenation, and 
valley deepening, A typical terrace is a platform of bedrock 
thickly veneered with a sheet of river-gravel and s.ind passing 
upwards into finer alluvium. 

A* ill ait rated in Fig. 100, die Thames has three terraces ; 
0 1 he High at Bnyti H\H Temjet, named sifter a locality near 
Maidenhead, where it is well preserved. The gravels, mosdy 
composed of flint, con tain the fossil remains of extinct species 
of elephant, hippopotamus, and rhinoceros. The climate 
indicated was warm and gcni.il. \lan had already appeared, 
as pabulithk flint implements are also found. (3) Tii c Middle 


CLlMW 

wtmmzi* wsjem Ptm»vtu£ 



Fxb Ififr 

Senkm mttta LurHion tii alum* the juinrd Alluvial ierrw** of far Ritrf I Katun 

C4 fin UM. Crtt* $m&) 


or Topline Ttrract. Bones and skulls of lions and bean occur 
in the lower deposits, but nearer the surface these are absent, 
■mil remains of the hairy mammoth appear. The change 
points to die oncoming tile most recent phase of the ii e-age, 
ttj The Ifito or piacd-piain Tenutr. Here the mammoth is 
'«dl found, accompanied by reindeer and rik. These fossils, 
.is well .i> iluw of Art lie plants, indicate a thoroughly frigid 
climate. During continued uplift die Thames cut a gorge 
which was Ultimately filled with gravel w hen a later subsidence 
brought the valley to near its present level, A boring into the 
gorge-IT ravels at Charing Cross failed to find bottom at fib feet 
below the river. Highly polished ueulidue implements occur 
m the deposits overlying the gorge. Excavation of the London 
Dw.ks has revealed the pirsrncc of three beds of peal containing 
relies of oak and beech. Above the oldest of there fossil forests 





CiJKGE OK nit WEAK AT DURHAM 


the first signs of the Bronze Age appear. And so we reach the 
“made ground ” of historical times, and I he alluvia! meadows 
and marshes of the present day. 


Incised Meanufas a no Gorges 

If, at the time or rejuvenation, a stream was meandering 
on a valley floor underlain by resistant bcdmt k, with only a 
thin cover of easily eroded mantle deposits, if any, the deepen¬ 
ing diiimicl is etched into the underlying rocks, while the 
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original winding ctnursc in still preserved F In this nay incised 
or rnlTtnchtd meanders arc produced. The 11 hair-pin gorge” 
ni the Wear at Durham is a familiar British example {Fig, IQt)* 
A svcU-protcctcd she within die loop was selected lor the 
cathedral B which is thus enclosed by the gorge on three ; ndes„ 
The fourth and easily vulnerable side was .afeglanded by 
building a caustic there. 

The change of form of inched mean dm, and the wearing 
buck of the confining walls sire relatively slow processes con¬ 
trolled by lateral undercutting of the river banks. Localised 



To lllititrttc the origin nf 


(*r^ Watt Uv) 


undercutting oh both sides of the narrow neck of a constricted 
loop sometime! leads to the formation of a natural bridge. 
On each side of the constriction a cave is worn, especially it 
the rocks at river level are weak. Eventually the two caved 
meet, and the stream then (bwi through the perforation* 
The strnnges rocks, of the roof remain lor a iinir as an arch 
spanning the Weam, and the loop-diupcd gorge at file dd r 
i£ abandoned- In Utah, where recent uplift lias made jh^rihlr 
the development -Timmy deeply ineimt meanders (Plate 44 a), 
there are several example nf such arches, The mc^t impres- 
rive of thrac U Rainbow Bridge (Plate t4t* and Fig- luS), a 
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«MH> CANYON OF THE COLORADO 

graceful arch of sandstone which rises flnu icet over Jtridge 
Creek in A span of ‘278 feci, 

bridge Creek is a tributary of the Colorado River, and is 
Uiu.h related to one of the- world'* most awe-inspiring scenic 
wonders the Grand Canyon of ihr Colorado !Plate f;. 
Toward* the i-nd >•!'Tertiary limns the region which L, imw the 
high plateau nf nnnlicm Ariftmu ami southern Utah hud been 
reduced to a land of dti age topography traversed by a valley. 



oCl miles wide or more, margined bv enemas and buttes on the 
nortfi and by lava plains and cone* on the south* A hie 
Tertiary uplift of 0,000 to 8,1 hK> feet then rejuvenated the old 
river, and the cutting of the Grand Canyon began. From 
the Rovky Mountain* of Colorado in the east the river receives 
sufficient water to carry it mr cess fully through hundreds of 
mile* of desert rum try. 

The Canyon ha* now reached a maximum depth of fi^SO 
reel, but downward erosion by the heavily laden river is still 
actively in progress. A narrow inner gorge lias been cut 
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thrmigh a thousand feel of crystalline rocks Fig. 70). The 
walls above, carved tlirnugh a newly flat PaJasMuoit cover ol 
siromr sandstones and Limestones alternating wit It weak shale.-, 
rise by a succession of step and dopes. of varied col outs width 
add to the architectural grandeur of the scene. As a result 
of ihis differential erosion under arid conditions the width oL 
(lie Canyon from rim to rim is now & to 15 miles. During the 
tcressioit of the walls bold -puj •• between the bend have hern 
caned into pyramids and isolated pillars f it;- 103), The 
plateau is trenched l>y several tributary canyons, but otherwise 
the general surface is but little directed-. The present cycle 
is still in the -tag-' of early youth (see Piute m4bj. 


Antecedent Drainage or the Himalayas 

During the uplift of a great mountain range it nrnv happen 
that a river which was already flowing across the site of the 
future mount aim continues to deepen its valley while the 
uplift » in progress, so that it becomes permanently entrenched 
in the rising landscape. A continuously rejuvenated river 
which thus succeeds in maim.lining the slope of its channel 
From a source behind tfte mountains to the plains in front is 
d an anttudntt river, to express the fact that the river was 
in existence before the mountains which have risen across its 
course. 

By fur the most remarkable examples or antecedent rivers 
are those which cross the Himalayas. The watershed is not 
along or near the highest peaks, as might have been expected, 
but v/t H to the rmrih in Tibet. From their upper courses on 
the pi a trail the Indus, Bramupulra, ,md many of the head- 
waters rtf the Ganges traverse the ranges by way of deep gorges 
cut in the bottom of strep V-shuped valleys. As the Indus 
pas*& through GUgit in Kashmir, the river itself is only 3,twiii 
feet above its delta, hut the precipitous walls by which it is 
confined rise to heights of nearly 20,000 feet. Like a gigantic 
saw the river has cut through 17,000 feet of rock, keeping pace 
wills a like amount uf uplift. 
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tfPLJFT OF THE HIMALAYAS 

The River Arun r a tributary of the Ganges* ri?cs in Tibet 
at a height of 22,Dili) iirr-i n and passes through a stupendous 
gorge between Everest (2 & t 14*i feet) and Kangchenjungii 
f £8^140 feet)* the rock* of which were origin ally continuous* 
It could not have done this with the rnuuniain* at their present 
heights The erosion has been persist ently down wards rather 
than headwards and (here arc no important watcrfalli. 
Wager* who ha* trndr a jwriaJ study of the Ml Everett region, 
to suggested that the gjeat peaks of die Hmtahyai owe mm h 
of fhdr ctcojHiptint cit ation to the additional effect of isostatic 
uplift of the kind discussed oil page 1 9U. Instead of a J ,i if iiMbot 
bli>ck carved into Kills and valleys, we have here a Et^Otxhfont 
block, and the corresponding bostatir uplift would therefore 
hr more than 0,000 feci. Denudation of the Himalayas has 
let! la the apparent I \ paradoxical result of raising the moun¬ 
tains. 


Alluvial Fans and Cones 

Many youthful mountain ranges, block mountains and 
plateaus descend steep!) to the neighbouring lowlands; 
general! hut not in all eases, because they are bounded by 
eroded laidi-scarps* Where a heavily laden stream, flowing 
swiftly ih rough a ravine or canyon, emerges at flic base of 
such a slope, its velocity b suddenly checked by the abrupt 
change of gradient and a large part of its load of sediment is 
therefore dropped* The obstructed stream —sm in delta 
formation—divides Enin branching distributaries and (he heap 
of debris spreads nut m an {illuvial fan* ii the cirrmmyitfr are 
such—arid nr jemTarid condition are specially favourable— 
that most of the water sinks into the porous deposit, practically 
the whole of the load is dropped and the structure rapidly gains 
height and become* an alluvial cone- There are, of course, alt 
gradations ftom steep-dded COiica of coarse debris, through 
fan- of moderate huiination, to widespread sloping sliced 
of fiur; alluvium* Where clusdy spaced streams discharge from 
a mountainous area ac ms a pirdmmt a maintain-foot low¬ 
land), ilicir deposits cualocc to form a pitthlmk slkmt plain. 


UrVEJ.OPMEST Ot RIVER SYSTEMS and associated lasdiorms 





All these feature, are well displayed in Western America ; 
along the eastern base or the Rockies, where the Front Range 
Faces the Great Plains ; along the eastern edge of tilt Sierra 
Nevada) where the eroded fault scarp slopes down to the 
Great Uasin - and in many other simitar situations on the 
flanks of tin* block mountains of die Great Busin (Fig. ] 1)4 . 
'1 hry are also developed uu a large scuk- al the foot of the 
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Himalayas and the Andes. A familiar Alpine example of an 
alluvial fan of gentle dope b the one between Lake Thun 
and Lake Brirnt oil whirls Interlaken is built. Here ;istream 
coming down from ihr Jungfrau ha* built a fan across what 
was originally » single lake, so dividing it into two. In all 
the localities mentioned above there are many examples of 
river deflection due to the growth across the channel of alluvial 
fans deposited by in binaries. 


102 












OEOMOKPH 01.00 Y 


SUGGESTIONS FOR FURTHER READING 
C, A. Cotton 

as dentlopttl fy ikt Ptatesstc uj Erosion. Cambridge 

University Prrw, 1941. 

fjllowiiii* gciii-riil M.ork* apply lu many of ih« luicr • hapem : 
VV. M. Da™ 

Geographical Eisnyx. t iiim, Boston, * 909. 

S. W_ Wooi.UKUJt;;'. nrnl R. S. Miiioan 

Tkr Piin EM u/' ( .> vgt vpftj. L (11 KHlblltt, i-t h idiin, It I)37 , 

A. K. 1/OBF.d 

tltomaphnttgj : At; Intt,nh<ttion tit the of lundvctn MvGmw 
Hill, Nrv York, (939. 

C. A. Cotton 

GtnMfihftkg} : i'Iit tnlroduticn to lh/ Study of Lmifems. WMuxunbe 
■inti Tombs, Chrmchureh, Nov Zealand, 134a. 

A, D, von Enoeln 

Geomotphology ; Sjstmatu and tUgmusl. Macmillan Co,, New York. 

«9+a- 

l*. C. Kj\q 

Snath African Oliver and Bovd, Edinburgh, 19.451. 


Chapter XII 


GLACIERS AND GLACIATION 

Snow Fieuk axp the \ IAirfimfAJiCE or Glaciers 

Glaciers arc masses of icc which, under Lite inDutricc of 
gravity, flow out from the snow fields where they originate. 
Permanent snow fields or cur in every continent except Ausiralfii. 
[ he level up IO which ihr snow melts in Slimmer, i.r. the lower 
rdj^e of a permanent mow field (if present}, Is catted the mow 
Hat* Itft hr it; hi varies with latitude from sea level in the polar 
regions to 2,000 feet in S. Greenland and S, Chile, 15,000 feet 
tn S. Norway and S. Alaska, 0,tHK> feet in the Alps, 13,000- 
feet in the Himalayas, and 17,000 - Uf,UOO teei on the 
high equatorial peaks of Africa (Plate 46) and the Andes. 
It is of interest to notice that the higher summits of the Scottish 
fliehlandi, *-g- Ben Nevis, just fail to reach the level of die 
mow line as it would be in Scotland, 

Low temperature alone tg not sufficient to ensure the growth 
of a snow field. Although northern Siberia includes one ol 
the coldest regions of the globe, and has permanently frozen 
soils from Novaya Zcmlvu to Bering Strait, it is kept free from 
perpetual ^now because the scanty winter falls arc quickly dis¬ 
sipated in die spring. Snow fields arc formed and maintained 
where the winter snowfall is so heavy that summer melting 
and evaporation fall to remove it all. Snow mav also be swept 
away by the wind, or lost from steep slopes by avalanching. 
The most favourable situations arc therefore gentle slope and 
hollows shaded from the sun and sheltered from ihr wind. A 
balance of the snowfall is then left over to accumulate hum 
year to year, and the snow field grows tn depth and surface 
area until pressure un (he ice which is formed iu depth is 
sufficient to start its outward fig wage os a glacier. 

The loose leathery snow that first gathers in the collecting 
grounds gradually passes into a closely packed form— the niii 
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t)f the Alpine snow b.ink>—retaining :i white colour bet:ius( 
ol tlic presence of entangled air* As the snow crystals are 
buried and compacted, the air between them is squeezed out, 
water from melting snow seeps in and Freezes, and so die 
deeper layers arc trails formed iuto eom|Met, but still porous 
ire. I he clear blue bands often ■seen in die exposed Hunks of 
glaciers differ from the opaque while ice in being free from 
bubbles of air. Glacier ice in bulk is a granular aggregate of 
interlocking grains, cadi grain being an individual crystal of ice. 

Glaciers originating in valley heads creep slowly down¬ 
ward? as tongue-like Streams of ice, ffmva.se being maintained 
by the yearly replenishment of the neve fields. Ultimately 
ihr glriders dwindle away hv melting and evaporation, their 
fronts or smuts reaching a position—which may be Uiuusand* of 
feet below the snow- line—where the forward movement of the 
ice ss just balanced by the wastage. In response to scaiotu of 
heavy snowfall whereby the supply is increased, or of low 
temperature whereby the wastage is reduced, the glacier 
extends farther down the valley, and the snout then becomes 
*terp. Conversely, in response to j falling off in the rate of 
supply or to an increased rale of wastage the snout tapers (as 
seen in Plates to anti 4K) and recedes up the valley. During 
ihr present century the fronts ol' many glaciers are known m 
have retreated, though previotisly they had been slowly 
advancing for many years. 

The capacity of powerful valley gladen to reach low 
levels before they melt away is due not only to ihr inum-uve 
supplies of ice which are drained from the uplands, hut also 
to ihr fact that the urr.i exposed to wa.vMi’i' U unalJ compared 
with the volume of the ice. Became the glacier is very viscous, 
and therefore moves extremely slowly, it occupies its valley 
to a very great depth. To drain a given art’,I the CTOS-S SCCltOn 
of i\ glacier lias to br cnanfioiffily greater than lhai of the 
corresponding river, and in accordance with this compirisoD 
the s I reams that suffice to cany o ff the summer mrli-water 
from the mom of a glacier always appear small and iiidgoiftcaiiL 
(Plate 48). 

When glaeicre overflow the land and terminate in 
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water sufficiency deep to allow the ice to float* huge masses 
break away from die front and become kebtrg#* Theoretically 
about mne^entb of an iceberg would be submerged if it were 
made of pure ice* The actual proportion, however, h subject 
to variation according ns the proportion of entangled air and 
the load of rock debris prncal in the ke_ Some of the vast 
tabular icebergs liberated from the front of the Antarctic ice 
float wilh as much as one of Uidr total height above 

the sea. 


TYPES OF GLACIERS 

Glaciers fall naturally into three main classes : 

(d) fot stiff Is and ict caps that overspread continental or 
plateau regions of supply* where ihe *n«w line is low* creeping 
with a slow massive movement towards thr margin*, 

(A) Mountain or valley glocim occupying the pre-existing 
Valleys of mountain ranges that fine above Lhc snow lint:. 

f) Pfcffmnt gtoturs, Consisting of' sheets of Sire tbrmcd by 
ilie coalescence of several valley glaacta which have spread 
out below ihe snow line—like lakes of ice —oycf a lowland area 
of wastage. Certain gradational and subsidiary typos also 
occur, and -tre referred to bdow. 

Greenland and Antarctica provide the only examples of 
conttomtai ice shifts that still exist. There h 3 however, over- 
whelming evidence that 2a.oi_Hj to 30 f 000 years ago immense 
fcc-shects of similar character covered half of North America 
and most of north-western Europe, The Greenland ice-sheet, 
about half a million square miles in extent* U largely enclosed 
within a mmuttainmis rim. Near the middle of the sheet 
the h r lias been shown by sehmic methods fpage #71/ to be 
over S/hmi |fed thick} indicating that the elevation of the act mil 
rock floor u only nbmt l t 6i>fJ iect + Inwards the edge the 
higher peaks and ridges of ihc mountains project through the 
ice as mmatah* The icc iisdf overflows through passes in the 
mountain »ne and feeds the valley glaciers of the valleys 
leading down to the coast, 
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TV ice sheet of Antarctic?, seven times as extensive as dim 
of Greenland, form* a great plateau rising to over 1I,i»m) feet 
(Fig. lor,}. Exrcpi irt a few localities of fringing mountains, 
where there an marginal glaciers and a coastal strip, the Sec 
sheet overruns the coast anti spreads over the ocean ;i$ vast 
floating masses of shelf ice. The best known of these is the 
Great Ross Barrier, which terminates in sheer difls of f loating 
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icc riling H»» in t<V0 fin ntw>ve the R-ss Sen. Tlir Barrier ice 
is worn away by submarine thawing, marine erosion, ami the 
breaking off of gigantic t <dml.tr icebergs, \\ .tslage is slmviy 
overtaking supply, fbr the high walls r>l the Harriet have 
receded many mile:, to the south since Ross lirft discovered 
them in LS41, 

Smaller ice-sheets. distinguished as platans glaciers <jf ict mpi, 
cover large arcai in Iceland and Spitsbergen, from which they 
(merge through marginal depressions as blunt lobes or large 
valley glaciers. The tips of the underlying mountains project 
from certain less contiminu* caps of highland ice. Where the 
supply of icc is rather less, tJicse paw into a net wort of con¬ 
nected glacier systems, the ire of each valley system over¬ 
flowing the cols into neighbtluring valleys and smothering ail 
the lower divides. Such gradational types, well represented in 
Spitsbergen, lead to the more familiar valley glaciers. 

Trunk glaciers and the tributary valley glaciers feeding 
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GLACIERS AND Til El ft MOVEMENT 

into ihrm occupy the upper part* *>r i lie whole of the valley 
system of a single drainage area Plait 4W'i. Snmllcr valley 
glaciers, with few tributaries or pemey arc mu fined to single 
valleys. Valley glaciers—apart from the se draining ice- 
sheets and caps—characteristically originate in deep arm¬ 
chair-shaped hollows, called ferries or cliques, situated at the 
valley heads (see Plate IT). Small isolated glaciers occupying 
hanging valleys (page 22 f) or subsidiary curries perched high 
on liic side of a dee pci valley are referred U < as /uMgwg gloders 
(tongue-shaped) or come ghv&ri (itortfithoe-ihaped j. 

Where a glacier passrs from a restricted channel to a more 
open lowland, it foil* out into an t xpcmdui f«ot y and where 
several neighbouring glacier* so emerge a pi rtttwttl gtoaer 
results. The outstanding example of the latter type is the great 
Malaspina Glacier of Alaska -frig. lliB). Maintained by the 
confluence of the glaciers from ML St. Elias and the neigh* 
hour hood of (he Canadian frontier, it has an area of about 
1,300 square miles, and locally reaches the sea. As a result of 
Surface melting, much of the miter margin is thickly covered 
with morainic debri- and soil which here and there support 
dense forests of pine. 


The Movement of GtACtEKS 

Were it not for the fact that ice in bulk can flow, the world 
would now present a very difierent appearance. Practically all 
the water of die oceans would hr locked up in gigantic circum¬ 
polar ice fields of enormous thickness, The lands of the tropical 
belts would be deserts uf sand and mi k, and the ori-an ft"-irs 
vast plains of salt. Life would survive only .trountl the margin*, 
of the icc Gelds and in rare oases fed by juvenile water. 

The most rapidly moving glaciers are those of Greenland, 
some of which advance as much as bti feet a day in the summer. 
In general, however, a few feet a flay is a more characteristic 
rate. The Mex de Glace Plate 40a) barely exceeds two feet 
a day, and the Beardmorr Glat iet i>r Am.sn lira, the greatest 
in the world, moves at less than three feet ,l day. 
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OHACIEHS AND Cl LACTATION 

By observing the changes in position of line* ofotabs driven 
ititQ Liin i cr. U k found dial the middle *iF a glacier mt>Ve$ more 
rapidly lkm die aide*, and ihm there is a similar dicCTca^f m 
velocity nr,3i die floor. The rate of flow increases with rite 
steepness of the dope* with die thkknes* and temperature of 
ihe ice, and with ircmstnction of the valley sides. Movement is 
retarded by die presence in the ice of a heavy' load of debris 
and by friction again:,i [he rocky channel, These facts suggest 
flint the flowage of glaciers* — a remarkable phenomenon tha t 
calk for a brief explanation 1 —is controlled mainly by stress 
differences and Tempera lure. 

The liberation or molecule* of water from ice by a rise of 
temperature k a fam i l i ar process. It is nbo well known dial 
uniform pressure Imvcrr the melting point of ice, and tlin^ 
stimulates its tramfurniatitiit into water, Mote important, 
however, b the fact that non-uniform pressure or stress is 
many limes more effective in liberating molecules of water 
from rigid grains of ice- The mechanism of skating provides 
the key to the problem of glacier Sow* A skater ready glides 
in a narrow groove of water formed momentarily under die 
intense stress applied to the ic e by the thin blades of lib skates. 
As he posses, the water hri mediately freezes again. 

The interlocking crystal grains w ithin a sloping mass of 
ice arc subjected to stress© which van' from jxiini to point, 
and wherever die strain is most severe, mobile molecules and 
microscopic Dims of water arc liberated. These act as a lubri¬ 
cant and facilitate minute movements; of rise grains among 
themsdvci. As otic grain is pressed against another waier 
d Hlu^cs along min granular boundaries into placid «>f lower 
strait, and diene frre/r- on to the grains with which it b in 
tonuu* Slipping along fracture planes in individual grain* 
also contributes to tin movement. Since die pressure gradient 
h down The valley, there k a constant migration of material 
from gram to grain in dial direction. Hie whole mass thin 
flows by a process t i rc-cry^taUmiinn which b dosdy akin to 
that involved in the mctamorplmm of ordinary rocks. The 
agents of mciamurphbm are high temperature, stress differ- 
ciice3f ant ^ rnigrating fluids. In the interior of a glacier die 
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temperature U already very ** high " in die sense dial the 
ice is near its melting point; stress is provided liy the weight of 
overlying and upstream ice ; and the migrating 8uid i$ rain. 

A glacier lias an outer crust of ice, averaging perhaps about 
2fW) feet in thickness, in which the stress differences are in¬ 
sufficient to promote flgwage, This rigid emst is carried along, 
and friction against the sides and floor is also overcome, by 
the movement of thi- deeper parts. Where (he movement is 
retarded or stopped by a load of debris, as often happens 
near the snout of a glacier, the stagnant ice is over-ridden by 
clean, mobile ice along well-marked thrust plants. 


Surface Features of Glacier* 

Crnaun .—Wiriiin limits controlled by the processes of kc 
flowage a glacier can accommodate itself tr> its channel, Where 
the ice passes through a constriction in a valley it thickens, and 
the rigid crust is thrown by lateral compression into vravr-like 
pmsitH-jidgts. On the other hand, where the valley opens out, 
or where a glacier passes over a declivity or round a bend, or 
tans out into an expanded foot, die kc is stretched and cracked 
into a series of deep gaping cresassti, These may Ik- hidden by 
snow’ bridges, and the treacherous surface then becomes very 
dangerous to cross. 

Transits atvusts develop across a glacier wherever tin:re 
is a marked steepening of the dope of its Sour [Fig tiwj. 
Longitudinal crevasses, n.uglily parallel to the direction of 
fiowage, arc formed wherever kc is obliged lo spread out. 
Marginal crevasses (Plate f7j, pointing upstream, to® die 
sides of die glacier, develop as shown in Fig. JOT. Because of 
the higher velocity towards the middle, a iine AB is later ex¬ 
tended to A' &'. and die resulting tension cracks the ice ut 
right angles lo A' B r . When two nr more sets of crcvu&ses 
interact, [hr surface of the glacier is tom into .j broken mass 
nf jagged ice pinnacles known as jtraa. Near the top of the 
neve field of a corrir a v ery wide and deep < revassc, called t lie 
btrgsthrtmtl, opens in summer where the head of the glacier 
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mj tbaw ihr dfwJpjrtMrU «i maiginal nmm a mwll 
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pulls away from ilie kc aud snow adhering io the precipitous 
"■‘fls I iff. M>»), It often ) lappet is linn several -u> Is Hsiun-- 
-ire formed instead of-in specially large om* I Fig. 100 ). 

Xforaitm. — :K-*i L liagmrtM* lil>rr,i[eii from thr strep do[>es 
above it glacier, mainly by fnwi shattering, inmljlr down on 
titr ici- and are carried away. Thus ihe side* of a glacier 
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TVI’FS OF MORAINF^ 


become streaked with long rib Worn of debris described as 
lateral moraine;. When two glacicra from adjacent valleys 
coalesce, ihc inner mor-imb uj e.tcli unite and form a medial 
moraine on I lie surface of the united gladcf {Hate -lUh). A trunk 
glacier fed by many tributaries may thus come to \k ridged 
wiilt a series of medial moraines composed of materials from 
different parts of the area of supply, thus providing samples 
of rocks that might otherwise hr unobtainable. 

Sooner or later part n! ilie drhris is cngulled by nr washed 
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into rrcvjiisri. Material that is enclosed within the ice is re¬ 
ferred to as mg/aeial moraine. A certain proportion reaches the 
sole of the glacier, and there, together with the material plucked 
or scraped from the rocky floor, k constitutes nubglactai moraine. 

If tile lower part of the ice becomes so heavily charged with 
debris that it cannot transport it .ill, the excess is deposited .is 
ground moraine, which is then over-ridden by the more active 
ice above, AU the varied debris, ranging from angular blocks 
and boulders to the finest groutul-dotro rock flour, that finally 
arrives at the terminus of the glacier is dumped down when 
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the tee melts. If (he ice front remain; >tarionarv for several 
years an arcuate rid ire Is built up, Lulled a terminal or end 
mvniitu, IF, however, (he stimil is retreating sunt tun after 
snmirirr, nn piling up of a ridge is possible, The- load lilwruted 
from ihe receding front then fur ms an i r regular sheet which 
rests on llir grunt id moraine already deported. 

Melting and Ihainege, — Th in isolated slabs of rock nr patdio 
of debris on the surface may lit; sufficiently heated by the sun 
to mdt the underlying ice. Larger blocks, however, act as a 
protection from the sun’s rays, and as the surrounding ice 
melts away they arc left as glatUr toMts perched on a column 
of ice. Even morainic ridges may stand out for a time on thick 
walls of he. 

In sunny weather small pooh and rilh diversify' the surface, 
gathering into streams which mostly fall into errvavsev By 
a it tm bin at loti of melting and pi t-hoh- action j aided by sand 
and boulders'] deep cauldrons called glatier milli or moutinx are 
worn through ihr fissured ice, and the w ater may escape to the 
snout through a tunnel, 't here, with mdt-walrr draining down 
the tapering end, it Itcgins to How down the valley as a milky 
stream laden with fine particles (Plate 4*). 

Glacial Erosion 

A? w e have >wn, a glacier soon acquires ;1 lo^d of morainic 
material. Moreover, loose debris on the floor and sides is 
quickly dislodged and engulfed by actively art van ring tee, 
Blocks from protuberance* of jointed bedrocks are sheared oil 
and withdrawn from the down-stream and unsupported side 
by a quarrying process referred to as plucking. The ice works 
its way into joints, bedding planes, and other fractures and 
closes round projecting masses, with a firm grip, $u that block 
after block is tom out of position and carried away. The 
ragged surface left, behind h readily susceptible to fit it her 
plucking, and the process continues until the obstruction is 
removed or the glacier wanes, 

Thus, even pure ice, which by itself would be a very in¬ 
effective tool for eroding fitawivr rocks, is sooner or later (rans- 
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formeiJ into u gigmitl* llrxiblr file with embedded fragments 
ol nuk for teeth, Abrasion is ilie -i Taping and scratching of rock 
surfaces by dclirii tro/rn inti, the i.'ile of a glacier nr ice shrrt- 
Thr larger Irayim-nt- cat info and groove the floor anti sides 
and nre themselves worn flat anti striated. The finer materials 
act like sandpaper, smoothing: and polishing the rock surfaces 
and producing more powdered rock,, or rock Jkmr, iq the process. 

The rate of glacial erosion h extremely variable, Theoreti¬ 
cally. the rate of abrasion is approximately proportional to iltc 
cube of the velocity of ihc kc ugaiinl its channel. Thin, A 
powerful ghtder in northern Greenland may be 34,000 limes 
more effective than the dugghh glm lets nf the Alps, A conti¬ 
nental ice thcct moves so slotvly i hat it cannot be expected to 
do much more than remove the soil and smooth-oil the minor 
irreguJahues ol the buried landscape. In such a ease the 
broader features of the pro-glacial relief arc, on the whole, 
protected from denudation, though the surface is modified 
in detail into a characteristically hummocky form of knob* 
and hollows which reflect list; varying resistance* offered by 
tile rucks to abrasion. But when the fulfill wing ice. or a 
valley glacier in a mountain district, is concentrated in a 
steeply descending valley, the erosive power readies its maxi¬ 
mum. and the pre-glacial relief is strongly .accentuated. 
Beyond the region ol steep gradient- and rapid movement the 
rate ol erosion gradually laik oil and gives place to deposition 
a* the ice becomes overloaded and reaches the zone of wastage. 
The three realms of supply, movement, and wastage arc clearly 
seen in Plate 4(Ja. 

The geological work accotnplbhed by kc, fedudlng erosion 
and deposition and the resulting effects or these processes «m 
the surface, is collet lively known as giitciatitm. The sculpturing 
of the surface beneath existing glar ict-. can t* studied directly 
otdy in a limited way, by exploring ice caves and descending 
Crevasses. Mm h more can be learned by taking advantage of 
tile fai t thill many glacier- have receded up their Valleys in 
rerrnt yt-irs, Throughout the historical period there have 
been periodic fluctuations in the volume and extern of glaciers, 
but without any indication of cumulative waxing or waning, 
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Fig, 110 

Iir -mcHjidrd mrftfr of mil* eype, Slitmkar* &Hkr?tar Arnhiptli^iH 

w^llb (uul iff Irmtilint 

Thousands of years ago. however, the "briers were enormously 
greater than Llidr slinmkcji descendants 'if to-day. One of the 
earliest olitcnw to suspect that glaciation wa» formerly far 
more extensive WM dr Saussure, the tint scientific explorer 
of the Alp-. In )7tH> he tmtii cd that miles Irclmv the snouts 
of tin - Alpine glacier? the rock surfaces were scratched and 
smoothed—in striking contrast with the frost-splintered peaks 
*J)Ove—and strewn with morainic material exactly like that 
still being carried and debited l>y the ice. He rightly con¬ 
cluded that the glaciers hud formerly extended many miles 
beyond their llien limits. But the " glacial theory ” met 
with scant approval until after fKJu f when the great naturalist 
Louis Agassiz awakened in ore general interest in the subject 
by the publication <>j Isis classic studies on the glaciation of the 
Alps, fit la let year- Agassiz recognised that the similarly 
striated o ick jtnfaCin and morainic deposits of Scotland were 
also due to the former passage of ice. With a wealth of lire- 
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sistiblc evidence hi* convinced the icicntifir world that such 
fetuins couid be accounted for in no other way. It is now 
familiar knowledge that the landscapes of vast areas of Europe 
and North America bear I fir timmstnkablc hall-marks of 
glaciation, Thus it happens that in many countries the char¬ 
acteristic effects of ice erosion a ire] deposit ion, modi Tied but 
little by subsequent weathering and river actiou, can be seen 
and studied close at hand. 

Among the evidences of enwion by com mental and valley 
glaciers, striated surface* {Plate 4 Ua) and ice-moulded hum¬ 
mocks of ihe more nsistam bedrocks Fig. 110) art of wide¬ 
spread occurrence. The residual hummocks vary widely in 
size, and have a characteristic ally stream-lined form which is 



Sewkin rruu « typical reel* mmtnA, ihtnring lie eifcct «F lee iliraiiaa where 
due fuels i* UMitly joinlect, euid of plucking wlmc jointing u v,nU developed 


related to the direction of ice movement. The side up which 
the kc ad\anccd rise* as a smoothly abraded slope, white the 
W side rails more steeply, sometimes as an abraded slope, but 
often by a -icp-Jikc series of crags ami ledges obviously due to 
the plucking out of joint blocks I'ie, III and Plate 4 !»b). 
Seen from n distance the more isolated examples resemble 
sheep lying down, or wigs placed "face” down wards. They 
arc, therefore, described as rochts mattiotat/a, a term first used 
by dc SauFsurc in 1804 in reference to the sheep-akin wigs, 
styled maatautAj, which were then in vogue. 

Highly rc.st-itam obstructions, such as old volcanic plugs, 
that lay irt the path of the ice,, like protruding knots in :t plank 
of wood, are responsible fur an erosioiial feature known as 
aag und tail ; Fig. Hi), The boldly faces tiic direction 
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from which I-Lif ice came, while the tail Ibedrock with or 
wilhout a ojvcrmg of buuMrr clay : in a gciilk slope no the 
lheltcml skle, where tlie softer scdimcnis were protected by 
the obstruction from the full rigour of ice erosion* A classic 
example is provided by the Castle Rod* <>i‘ Edinburgh, from 
the eastern side of which the High Street follows the sloping 
crest of the tail. The massive basalt plug diverted the ice- 
flows ■and deep channels, now occupied by Princes Street 
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Gardens and the Gtasmrnnrkct, were oocav^i] in the sedi¬ 
ments on each side of the crag anti tail f eature. 

In mountainous and upland coastal regions with well 
developed valley systems the topographic modifications super-' 
imposed on Lin: landscape by glacial erosion include U-shaped 
valleys with truncated *purs and flanging tributary valley*; 
rui rn-- o? cirques unmounted by . harp-edged ridge* and 
pyramid id peak- ; and rock bairns and fjords, Waterfalls 
descending die prndpituui valley sides, and lakes occupying 
the nvenkepened hollow* of the valley floors, add variety to 
an assemblage of features that can be easily distinguished from 
those of ungUciatcd rcgiom- 


Cowries ajju Associated Features 

II has been observed tliat chance hollows occupied by per¬ 
sistent snowbanks art steadily cm back and deepened by {*) 
disiiueg ratio a of the marginal and underlying rocks by frost 
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and thaw, and (A) removal of the shattered debris by falling, 
aval and i ins, and transport by melt-water. By this process of 
snow-patch erosion or nivatiiiit the slopes above are undercut 
and ihe surrounding walls are kepi ;-teq> as they recede 
iFig. lid). The larger hnllmvs grow more rapidly than the 
smaller ones, especially near and above the snow line, until 
the mountain slopes ami valley side*, are festooned with deep 
snow fields, the largest of all bring at the valley heads. Eventu¬ 
ally these nourish small glaciers which carry* away the debris 
and begin more active excavation of the floor, Headward 
erosion of the walls continues, not only by frost sapping at the 
exposed edges of the snowftdd, but also by a process of sub- 
Lrlad.d disintegration which comes into play whenever the 
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bergschruml allows surface water to reach the- rocks behind 
or beneath the ice. Draining into cracks and joints, the water 
freezes and breaks up the rock* until they arc gripped by the 
ice, and carried away as ground moraine. Tims by the co¬ 
operation of several processes the great amphitheatres known 
as curries or cinptes are eventually hollowed out (Figs. It lit 
and 119). 

During the stage of most intense glaciation the floor of a 
growing conic is subjected to especially vigorous scouring in 
consequence of the great thickness and high pressure of the ice 
and snow above it. A shallow rock basin may thru be ex¬ 
cavated by the outflowing ice, to become the site of a mountain 
tarn or lake after the ice has disappeared (Plate fi4n). Such 
lakes may also be held back by arcuate ridges of morainic 
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material left stranded by the waning ice during its final re* 

COSU>£U 

Two adjoining corrira may approach and intersect until 
only a diarp-edged dividing wall rvmaiie between them. The 
resulting precipitous ridge ii known as an ante. When the 
ice has gout the steep rocky slopes Tail a ready prey to frost 
action, and soon become aproned with screes. Many an 
upland region has been eaten into by corric erosion from 
several sidei at once, and so reduced to a scries of aretes 
radiating like a starfish from a central summit. Snowdon and 
Hdvdlyu are good examples. At a later stage the arcus 
themselves arc worn down, and the central mass, where the 
heads of three or more conics come together, remains isolated 
as a conspicuous pyramidal peak. In this way the h»nu of the 
Alps have been formed, the world-famous Matterhorn bring 
the type example of its class (Plate 6bj, 


Molujh.ations or Valu.ys ry Glacial Kho.uon 

By the passage of a vigorous glacier through a pre-existing 
river valley the mantle of rock-waste is removed, the over¬ 
lapping spurs are trimmed olF and ground into facets, and the 
floor is worn down. The valley is thus widened and deepened, 
and is eventually remodelled into a U-shaped trough with a 
broad floor and steep sides and a notable freedom from bends 
of small radius (Plate M), Flat floors are trot uncommon, 
however, where the bottom of the trough lias been levelled up 
by subsequent deposition of alluvium. Whole valley systems 
may have been completely overwhelmed by ice-sheets, but in 
less severely glaciated regions, where valleys have not been 
entirely filled by ice, the upper slopes may remain as high-level 
benches which meet the ice-stcejnencd walls in a prominent 
shoulder (Hate 51). The cross profile is like a U sunk in a V. 

Tributary valleys have their lower ends cut clean away 
as the spurs between them are ground hark and truncated 
i Fig, 114). The floor of a trunk glacier, moreover, is deepened 
more effectively than that of a weak lateral feeder. Thus, after 
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a period of prolonged glaciation t hr side valley* are left hang* 
tug high tip on the flanks of thr main trough. The streams 
from such hanging ludltjf plunge over their tt&tcurdnni lip- in 
cascades or waterfalls, some of which are amongst the highest 
in the world. The V^emito Valley in the Sierra Nevada of 
California is renowned for iU impressive examples of these 
and other spectacular features due to itladal erosion (Plates 
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52 and A remarkably similar glad:il trough—the finest 
of iis kind in Europe—ii the Lauierbrumirn valley, with i is 
celebrated Fall.% between Interlaken and the Jungfrau* 

Glacially escaped Boon are deepened very unevenly, 
die efFet i at each point depending on the thickness and velocity 
of the ice .inti the nature and structure of die bedrocks. Pwrly 
consolidated strata arc scoured out more rapidly than resistant 
rocks, and tracts of well-jointed rocks are selectively quarried 
away by plucking. Hum* where the ice encounter* a sequence 
of tacks of varied resistance the floor i* excavated into a merits 
of suctc^ivc steps, often with abrupt descents from one tread 
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to she urxt 'Fig. 115)* A comparable ef&ci due to varying 
ice thickness Li iccn where .i trunk glacier has been fed from 
a cluster of cotru- glacial around the valley head, Hdovy I he 
confluence (lie suddenly increased erosive power is witnessed 
by a correspondingly sudden drop from tire conic mouths to 
the floor of the glacial trough - Fig, \ Mi). ,L i rough-end " 
walls of this kind arc magnificently developed at the heads of 
the Lauterbrunnoi and Zermatt valleys. 

Thus it happens that the long profile of a glaciated valley 
may resemble a giant si airw ay* The trends rnuy even be 
hollowrd into b L>ius with a barrier of resistant rock in front. 
Such rock biciins arc now occupied by lake* nf various lengths 
and depths* or by tract* of aHuviuin representing thr sites of 
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OVEkDEEPEJTED HOCK BASINS 

former laic* which were shallow (hat they have since been 
silted up. Though referred lo as “ basim,*’ three depressions 
are generally greatly Hmigiited, ,ntd some of ihcm have been 
excavated to depths well below sea level. It has Ix-rn objected 
dial die ice at the bottom of .1 basin could not How out of it, 
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that is, sip the slope at the lower cnd + However, hi the appro* 
priatc circumstances, this object ion is not well founded* Ice 
can move ups tope provided thit it has a mean* of exit, and is 
moving from a place of high pressure to a place of low pressure. 
The condition for Bow is that Uk twfatt of the tec should have 
a downward gradient tuflkicnlJv steep to maintain the re- 

233 




















OLACIEHS AN’O GLACJATTON 


quisitc head of pressure. The following arr examples of lakes 
< wtii« 1 1 occupy (.oiiipiruousK ovcrdecpeiicd basins and trnugli?. 
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fjords arc grauly ©verdeepened p facial Troughs that reach 
Old const below sea level, so that, instead of forming elongated 
lake basins, they have Isccorne lung amts of the sea stretching 
inland Ix-twtrii steep rocky walls, The terminal rock barrier 
(with nr without 3 cover of moraine) occurs near the seaward 
entrance, anti is usually submerged at a shallow depth. This 
is the ihtttMd of the Qorrl. Along the we*l coast of Scotland 
gradations from the exposed barrie of the freshwater Jot In 
to the submerged thresholds of the fjord, ,ra lochs) arc well 
il!unrated. The terminal rim o| Loch Morar L within a very 
short distance of the sea, and is only 3fl feet high. The Ihre;- 
holds of Lochs Erive and Leven arc lower, hut are uncovered 
at low tide. Twenty-three of the remaining sea lochs have 
permanently submerged threshold* near their entrances. 

Fjords have hern developed during the interne glacial ion 
of dissected coastal plitir.tm and moviiUairts of appropriate 
structure ii: countries such n- Scotland, Norway, Greenland, 
Labrador, British Columbia, Alaska, Patagonia, and New 
Zealand. In plan iFig. 117) they everywhere have a char¬ 
acteristic rectilinear pattern which is deadly determined by 
the distribution of belts of structural weakness. The latter 
may be synchnc^ of relatively weak sediments or sehisls 
enclosed by ntu-sivc cry stalline roi.ks .is in the So^uc .md Har- 
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danger Fjords of Norway), but more commonly they are 
fractured belts with closely spaced joints locally accompanied 
by faults and dykes. The pre-glacial rivers carved their valleys 
along these lines of least resistance. The valleys in turn 
confined the ice and guided its flow, and because the structure 
facilitated plucking, the valley floors were stc.idilv deepened, 
often to an extraordinary degree. In some of the fjords of 
Norway and Patagonia the sea is over 4,000 reel deep. Neigh¬ 
bouring fjords, however, vary cinimuiudv in depth, in accord¬ 
ance with the varying resistance of the excavated rocks. The 
distribution of fjords U thus conditioned by .'<#'* appropriate 
tectonic structures in upland regions near the sea, (4) pre* 
existing valleys which followed these structures, and (<) heavy 
glacial ion by ward-moving ice of sufficient thickness and 
surface slope to ensure that the main valleys were o vu r d e ep enfld 
up u* or beyond the coast, 


Glacial Deposits 

As glaciers and ice sheets reach the ROtlc of wastage beyond 
the region of active erosion they become overloaded and begin 
re drop their burden of debris. During the subseipjrFtt tils- 
appearance of the ice, in response to .in amelioration ofYlinMie, 
the m he uf deposit it m i, treats with the receding ice front until 
the whole i if the lo.ul has been deposited. The gltiiinl dqKttil* 
thus left stranded on (he landscape anrl the gtadojhtdal sands 
and gravel* transported and deposited by the associated mdt- 
watcftt have long been grouped together under the general 
term shift. At one time the vast -spreads of drift that indicate 
the former extent of the ice across Europe and North America 
were thought to hr flood deposits, and many attempt* were 
made to assign them to the- deluge of Noah. Eventually, 
however, it was recognized tlmt rhe commonest type of drill, 
the haphazard assemblage of material known as b&tddn ckj 
or till, could nm possibly have been deposited by water. 

Boulder day his obviously hceu dumped duwnt anvil oh 1 
uia compjefdy uri^med and uiuuauficd conditfcm iFbir 
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Its constituents range From the fmeai rock flour to stones of all 
li^rs up to boulders that are occasionally of immense bulk. 
It usually consists of a varied snttrazmt of s tones embedded 
in a tenacious matrix of mnd, el ay, .md rock flour. Mat of 
the itona, like those of screen are irrrgular fragments showing 
little or no sign of wear or tear* but a few can generally be 
It Hind which have been nibbed down and scratched and 
groove d* dearly by scraping along lltr rocky floor over which 
they were drugged by the ice, 

A diaraci eristic fcaiuir of glaciated regions b theoceMrrmce 
of scattered bn older* ofroeLi ihut are foreign u* thr place where 
they have l>ccn dropped* These ice- tram fitted block*, 
carried far from llicir parent outempi, arc called malia. 
The largest ones roirnmnnly rest oti abraded nirihccs w here the 
normal drift is thinly scattered or confined to hollow* P Some 
have been stranded in exposed and precarious positions. 
Such fwchrd blocks [Plate Sha) are striking monument* to the 
former passage of kc, and as such they weft amongst the first 
evidences of glaciation to lie recognised. In 1815 Playfair 
pointed out that k ' 4 glacier - * . which conveys the rucks on its 
surface T T , b the only agent we ip see capable of transporting 
them to sucli a distance." The long trails of erratic blocks of 
easily recognized racks afford an unfailing guide to die direction 
of movement of the ke that carried them* Boujdm of the 
well known Simp granite, for example, cun lie traced from 
their original home in Westmorland :icr<^ thr Pennine* by 
way of the Stslmnorc Pass into die Vale of York* Aiku Craig 
in the Firth of Clyde is an upstanding mas* of findy speckled 
granitic rock which can Ik: identified with r mainly. Erratic 
of thiB rock 45 isolated block* and its mines embedded in 
boulder day. arc found in Antrim, Uallnway. and the Isle of 
Man, and on bulk rides of the Irish Sea m fur an Wicklow and 
South and rilow i hut Aihia Craig fay in the track of a 

great *i mi hwmt-ir&v citing nlacicr. Familiar Nowcgian racks 
from the Oslo district, uidt as rhomb-porphyry and htrwiHte 
fa shimmering blue syenite much used for ihop fronts) occur 
i is erratics along ihe Durham and Yorkshire coasts* mid prove 
that the Scan d i n avian ice ibeei crossed the North Sea and at 
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time, overran the British shores, At other times these rock's 
readied northern Germany, showing that the directions of 
ire dispersal were: nor always the same. 

At or near the maximum extension of a glacier or ice sheet 
(he f«mt may have remained stationary or neatly so (forward 
movement being just balanced by wastage] sufficiently long 
for a ridgc-Sikt utminal rntmint to be heaped up. Similar, but 
hto( terminal moraines, sometimes dbititigui'hcd as weatVoa/ 
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wrdxer, mark Hie sites of halting stages during the shrinkage 
of lire ii r. md indicate that forward fli >w was maintained so 
that a steady supply of debris wan brought up to the ice from. 
In certain lowland regions the ice appears w has-e I ruined out 
ami bemme stagnant. Such " dead ” ice simply melts away 
fmm the tup unci dries, and also from the edges of crevasses, 
and liberates its debris without forming terminal moraines, 

1 he terminal and chief recessional moraines formed at 
successive stands of the European ice threi are Ah,,wn m Fig. 
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127, Simitar features, traversing rhe country in Inroad loops to 
the south ot the Great Lakes, mark the various pauses in the 
recession of the North American ice. The terminal moraines 
left by mountain glaciers cross their valleys os crescent-shaped 
ridges (concave upstream) which in some cases continue along 
the valley sides its less conspicuous lateral moraines (Fig. 113). 
Many of the lakes oi gi.n sated valleys aie held up be rsu Tuiiiic 
dams, and there were formerly innumerable smaller onrt. that 
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Mfl]i L-f the lateral msd irn uiu ai rtj&tamei borJffilujg ifcc nxi Litiii Lafe* Ga:d;i 
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have since bern silted tip or drained liy a river gorge Cut through 
the barrier. Lake Cotidmci and Lake Garda ||d) arc 
notable example-. of lake-. owing thrir existence to terminal 
moraines across the outer valley*, of the Alps. Most of die 
larger lakes of the Lake District and many of the Scottish 
lochs have morainic dams. 

In the tracts between the moraines the spreads of boulder 
clay naturally vary widely in character and thickness from 
place to place. In certain regions where the lnmidcr day is 
thickly plastered over & floor ofJow relief it has been moulded 
«« sag 16 
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by ihc ice into swarm* of wh.ilr*backcd mounds called 
tfmwjftnj. &ciu^ dlf^ptotcd more or less *n iteiWflfl the moiindfl 
give rise to what has been aptly described as l# basket ofcgjrt ** 
topography ■ F ig* 120), In the intervening depressions drainage 
is poor and confused,, and h responsible for hucb features as 
ponds, marshes, Aiud wuter-Iogged meadow*, One of the most 
densely packed drumlin I - It ircu lies across nordiern Ireland 
from On, Down to Dtracgal Bay, and contains lens of thousands 
ofthe$r streamlined monmb ; Fig. 12 J), 

DiumJmv are rommimly a quarter tr> half a mile: long, but 
there is every giadutinn from Ipiv swells to enormous samples 
a mile ur two in length and I on to 2(K> feet high. Most of them 
arc elongated in the direction ol ice movement, and the end 
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fix ing upstream is characteristically blunt and steep compared 
with the i apering downstream end. 'Hie profile along ihc 
length is thus the reverse of that of a roeftt motttonnr.t. The 
latter being a product of ice erosion, it is reasonable to suppose 
th;ti drumlins would have had a similar form If tiles' had 
been moulded by over-riding k< from Wilder day already 
deposited, Since they have not this form, it becomes probable 
that dnirnlxiv. were fashioned from trout id moraine that was 
being freshly deposited by ice in which the capacity to erode, 
transport, and, deposit was distributed in a curiously rhythmic 
pattern. 

It b generally accepted that drum I ins were formed under 
deep ice at a distance of several miles from the front towards 
which it was advancing. There must have been variations 
in the ice flow . possibly owing to <sudi cawu-i as («) underlying 
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obstructions—some drtifflUta have cores of solid rock v,jth 
boulder day banked against them ‘ {b) longitudinal crevasses 
in die ice which localized place* of deposition; and {<) varia¬ 
tions m die load carried, the dearer ami more vigorous ice 
flowing round the mine heavily charged and sluggish ice, 
From the nature of the case, however, rfnimlitm have never 
been seen in, course of formation, and the exact met hurt isms 
involved arc still far I rum bring clearly understood. 


Gla< im i'ai.m. Df.rosm 

The drainage from the long front «f an fcc sheet escapes 
by way of an immense number of more or less temporary and 
constantly shifting streams. These carry off a great deal of 
sediment and, as (be Velocity is checked, tow alluvial fans or 
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deltas are deposited, according as the ice terminates on land 
or in standing water. On land i lie fans spread out and coalesce 
into gently sloping min ash plu.fis Fjq. 122) of irregularly 
stratified drift, raoging from coarse gravels near the source 
to und further out, and finally to clay, Valley floors arc 
clinked with spreads ui similar deposits ; mainly coarse, iiow- 
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ever, because the finer nuirrhU art: rapidly wished down¬ 
stream* 

Beyond the terminal moraine* of ice sheets, w^herc the 
supply of debris is Abundant, otftwaih plains may rxteiid for 
many milts* Vast amis of the North American prairies have 
been smoothly veneered with sediment in this way. Between 
successive mor aides the onLwadi drifts rest on previously 
deposited hu id del 1 day. Masses of stagnant ice, left sLrantlrd 
between dorp civ hisses the main front mrfted bark, are 
often surrounded ami even buried by drift, and as they melt 
away they leave the surface pitted with depression* known as 
keitli hdis* These Lire extremely irregular in shape and diuri- 
button, and many of them still contain lakf -s or ponds Fig. 133). 

Such drilt-covrred regions air further divrmftvd by mounds 
(£awj) f long winding ridges (§xfan t Fig. and relatively 
short and straight ridges [trttmu wjt(hngs) * AIT of these art 
built of crudely licddcd gravel and sand. showing dial they 
are features for which glacial streams were rcspoiiiibJc, 
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Fan, 

E-Jut. Ttitviijitrvi, Fmljmil Tlir Luie »ni^r* the ikpft'wktiLi in ael irrrc^Ur 
Ditrfiicc of gfrondiiviiLJ muiii MdA £cuvHj 


A'JWrff are isolated or clustered mounds, each of which 
represents a sleep-faced localized id In vial cone or delta built 
up bv a stream emerging at a high level from an ice wall, or 
perhaps between two confining wall- at iltc head of an embay- 
meni in the ice from. A* the he withdrew, ihc unsupported 
hack or sides of die accumulation ‘lumped down, 1 ravin 
mound with slopes corresponding to the angle of repose 
gravel or sand. If such .1 stream, instead of being short and 
temporary, were Jong and persistent, then the deposit con- 
linuonsh fanned a! it* mouth would grow backwards as the 
icc retreated, dins extending into a winding ridge dial would 
reproduce the course of the stream. Some eskta may have 
originated in this way. But such a str&UXi would aLsn ilrposii 
sediment white Having through it: tunnel in the ice, thus 
gradually raising Its floor. Most rskers ore therefore regarded 
as the infilling- <>r the tunnel* or unusually long sub-glacbl 
streams, in some cases, where later 01 it wash drift has lapped 
against them, it is obvious that they originated within the ice 
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before if receded. Enters chamr tcrisfcirally disregard the 
underlying topography, which they cross like 1bug railway 
embankments* tlii-S form being assumed as a result ctf the 
inevitable slumping of the original sides. Their courses, 
though winding, arc generally aligned more or lev's at right 
angle* ici the receding kc front. In glaciated lands riddled 
ividt lake* and marshes* like Finland and Sweden t eskens 
provide natural causeways many districts where matt 

and railway construction would ijthmvUc !h* dilfiniJt. Ridges 
dm differ from rskerv in being short and straight are inter¬ 
preted as the infilling* of wide crevasses They probably 
formed within lar^c sheets of stagnant ice which melted away 
from the edges of the crevasses *is well ;is from their sides* 


1 ciE-DAifirEp Maroinai. Lakes 

A glacier occupying a main valley may obstruct the month 
or a tributary valley and so impound the drainage and form 
a hike. The Marjden Sc^ hdd up in dm way by the Alcisdt 
Gladtf (between the Jungfr-au and the Upper Rhone) is a 
small-scale example, and there are many others, lar^e and 
small, in Norway, Iceland i Plate fifiA), and Greenland- Where 
the tee barrier is sufficiently high and massive the lake rises to 
the col or pass at the head of its valley and escapes through 
an ovtrjbw chawd into the valley on die other side. During 
die degentratios of an tee riicel into valley glaciers, die 
higher ridgev of a divide between two neighbouring valleys 
may be uncovered, while the ice *rill extends across the 
divide a\ u tower level Melt-water then ^cumulate* along 
the margin nf thr ice against the flank- of the hi!U f and if it 
overflows from cur ddc of the ridge in the other* :i channel 
is cm in die ridge itself which thus becomes notched. 
Notching by marginal overflow channels may 1>e repeated 
again and again at fiucca*ti Vfcly lower levels while the ice 
is retreating. 

During the ret-ctaon of the great Pleistocene ice Amis 
enannom numbers of kc-dPlumed lakes came into existence 

m 


GLACIERS AND GLACIATION 


{ej. Fig- some of them tjciug immensely larger than any 

of live lakes of the present day. They formed wherever a 
drainage basin sloped down towards an obstructing ice dam. 
Some of these marginal lakes overflowed at successively lower 
levels before they eventually disappeared, each stand of the 
lake bring determined by the height of ihr lowest outlet 
available at any given stage during die wasting away of the 
barrier, The features and deposits Irfl behind by such lakes 
(thereby providing evidence of their farmer existence) include : 
{a) overflow channels at the outlets, often eroded into con- 



Fm. 133 

Map of llif Pan Hr 1 Huidt of Gloi Roy 


spictious valleys Lind gorges (now dry) siiuated at the head* 
of ihe valleys From which the take waters escaped} or ncnvvi 
[he ridges and spurs between neigh homing v:dleys \ (A) shore¬ 
line deposits and terraces, formed by the action of waves and 
ituttcxus ; fcj deltas deposited by streams flowing into the 
late ; and {d} lake-floor sediments, in eluding the &tmd sedi¬ 
ments to be described latm 

The niosL celebrated shore terraces this kind are ite 
Parallel Roads of Glen Roy (Plate 5tfs) P These arc beaches 
about 40 to 50 feet wide which follow the contours at die 
level* shown on the map (Pig. !25}* Ice extending from Ben 
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Nevis across the valleys Co the north blocked the entrance* 
to Glen Roy and Glen Gloy* The highest hike [l,lGo feel), 
that of Glen Gloy, discharged across the watershed at A into 
the Glen Roy lake 1,1-Hi feet) which overflowed into die 
river Spey at B* Later, an outlet into a tributary of Glen 
Spcztn was uncovered at C UMlfi Teet), and die lake rapidly 
drained to the levd so determined, 'Vhb it age, during which 
rite waters escaped over the eastward sloping surface of the 
Glen fipeun ice, lusted until further withdrawal of the ice 
allowed thr lake to extend along Glen Spean, whence it over¬ 
flowed through D (*£57 Feet), the nutlet at its head. In due 
course the lobe of ice that blocked the lower part of the valley 



Fir„ tea 

DtagTJHl Iti ttuw U* buatdlu depression **I* l a ml turfufr ksadnj by a mtttiiroml 
See ihrct, am\ the eotuntucuf devetapcttiLt b*| nmnpiuil Liicv during the ttcn&km 
«f the ux. Verrkal *eak tad riDfje* iprrtcly mi^rn.tr4 

dwindled away sufficiently to allow the lake 10 drain cowards 
the sea (Lodi Liiirdie) and so. finally, to disappear* 

During the recession of the continental ice sheets of Europe 
and North America coudiduiv- were highly favourable to the 
development of widespread marginal lakes Fig. 1Ai 
the time of maximum extension of the ice dir less mountainous 
pam of dec underling floor were depressed into a shallow 
bowl by the bostatie effect of die load of ire. The thickness 
of the ice was of the order fl.OCH) feet, tapering off toward* the 
margin*. The corresponding subsidence of the enisi* where 
the load was greatest, would therefore be about LOGO feet ; 
sufficient* that b r to depress vast arcus of the rock surfac e wdJ 
below sea level. During the retreat of the ke the crost was 
gradually unloaded and fco^iudc recovery worked in from the 
margin^ though with a tomudrrabjr Jag* Ckmsequriidy, for 
thousands of yean dicrc were large tracts abandoned by ike 
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ice, that sloped towartk and beneath the receding ice front. 
Many of these became giant lakes, while Olliers were invaded 
by the sea. The isostatic recovery already achieved since the 
disappearance of the ice is clearly demonstrated by the occur¬ 
rence of raised beaches at various heights ;unl by tin: tilted 
attitude of many lake terraces. Moreover, the fact that (he 
shores of Hudson bay and the Gulf of Bothnia are steadily 
rising even now shows ihai the process of restoring ismlaue 
equilibrium i~ stilt going on. Actual depressions within the 
areas that were formerly inundated are. of course, 'till occupied 
by lakes nr by I he sea. The Great Lakes of North America 
and the Baltic Sea are outstanding examples, 

From the sediments that accumulated on the Poors of the 
marginal Inkc'i in Europe the history' of the ire recession can 
be deciphered with great accuracy almost all the way from 
the terminal moraines of Germany to the Scandinavian 
glaciers of to-day (Fig. IS 7 ). Each spring and summer, as the 
ice thawed, tlic lake in front received a supply of sand, silt, 
and clay from the streams that (lowed into it. The counter 
material at tied down at mice, hut the finer particles remained 
in suspension much longer and were Tint completely deposited 
until much later in the year. But during the late autumn and 
winter the glacial streams were frozen and the lake, itself 
frozen over, rereived no further sediment. The still suspended 
mud slowly sank to the bottom, forming a thin layer of dark 
clay, easily dist inguishable from the thicker layer of sandy silt 
beneath it. Tlic fallowing year the sediment liberated from 
the ice w.is .iL'inn sorted out and deposited in two well marked 
season;il layers, sharply separated from tlic underlying pair, 
Each such pair h called a carer, and the sediments characterized 
by thh annual handing are described as ratted days Elate GTh . 
As ihis process continued year after year thr urea of deposit 
moved northwards with the receding ice, and the varves thus 
became ,'Upcrimposed alter the fashion of wedge-shaped tiles 
on a roof. 

In issft Baron Dc Geer began to count the varves, starring 
in Scania at llte southern end of Sweden, Tlic thickness of 
the deposit at any one locality rarely exceeds So feet, but lids 

338 


DATES RECORDED DY VARVES 



^Cirtun MO^' 

f\ (1700 


Fui. 127 
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may contain several hundreds of vines, carh representing 
single year. Those near the top can then tn: matched against 
the lower carves at a neighbouring locality to the north, 
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where the sequence includes the totvcs of die immediately 
succeeding yearn, Thus, fry tracing ihe overlapping varvtt 
through sections and borings at more than 1,500 localities, 
and so carrying on the camming bit by bit. He Geer and his 
£ttidertt* succeeded, after tMny years of taboriom work, in 
oEalslblung an absolute ■ fakmdogy of the retreat uag« uf tlie 
Lim nf die European h r direct. The li e Age is conventionally 
t^gjrdrtl u* Inning ended about years ago, when (he 

ire daeci reached Raglmdu and separated into two isolated 
cap* (Fig, 125), Thirteen thousand seven hundred years hav e 
elapsed since the i< r sttwid along the site - <r flu: Sou nun moraine. 
From the Brandenburg moraine (marking the rntminuiion of 
the ice) to the Samian moraine die count is necessarily incom¬ 
plete, because the sea now interrupts the sequence but the 
gaps arc feu and the lime of recession can lx- estimated without 
much error at rather more iban 11,000 years, h is therdfart 
approximately years dnee the last Eivopcan ice sheel 

began to disappear. Hie corresponding estimate in North 
America for the time elapsed since the Labrador ice sheet 
began its withdrawal from the Lung bland terminal moraine 

b about 3tt s 000 years* 

Lakes i A General Summary 

I i will already have been gathered that lakes -ire amongst 
tlir menu cliaractcriuic features of the landscape of glaciated 
region*, Finland is renowned fur its iiiximncrablr hikes 
35,*un* of which have been mapped. Very appropriately, the 
Finns call their country Sttmti —the Land of Lakes. Many 
parti of Ontario and the neighbouring Provinces and States 
are rid died with a roni pa ruble net work of Likes an d watcrwayi- 
The extraordinary abundance at the present lime of lakes of 
glacial origin—they are fur more numemus than all other 
types put together—is a remit of two ebeumstances : (a) im* 
rnrmr- numbers came Into existenet on flic irregular surface 
left bclumi by the retreating kc ; and *. /.■ they originated sa 
recently fh.u • mly some of the shallower ones have since been 
elimina ted, 
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Given u supply uf water In excess of ihc .muHints Tost by 
evaporation or by seepage through the floor and sides, a lake 
continues to exist so long as die (loot ofiu basin remaiiu below 
the lowest part of the rim. Lakes are there lore conveniently 
classified according to tin* modi'* of origin of their basins. 
Those of glacial origin may occupy : 

(«] ire-eiudcd rock basins in valleys or cornet with nr 
without morainic fringes i' pages 2!it and 2J4 1 
(6) valleys abstracted by* morainic barriers (pages SSS-29) 
u i depressions dne to irregular deposition of glacial drift 
( page 230) 

(d) kettle holes left by die melting of buried or partly 
buried masses ol stagnant ice [page 238) 

(#) valley* olwtmctcd by icc barriers (page 335) 

Among lakes with a more varied liislory, involving both 
glacial erosion and deposition, with modification? in many 
cases due to earth movements, 1 her Great faike* of North 
America are the most remark able. Luke Superior, the largest 
freshwater lake in the world, is 11 sit fed deep, and the bottom 
descends to 580 feet below sea level. The others have depths 
ranging from 810 to 87b feet. These immense basins were 
primarily gouged out by icc along the sites of broad pre-glacial 
valleys. Morainic barriers arranged in loops around their 
southern margin* further increased their < upadty. Isostatic 
changes of level, possibly combined With additional crustal 
warping due to independent earth movements, brought about 
other changes i« their outline, and outlet*. Ai file ice receded, 
marginal Jakes accumulated in the dqJtr-o"U between the ice 
wall on the north and the mnrainrs on the south. In successive 
stages, illustrated by Figs. !2» to 131, the overflow was, first, 
into the Mississippi, then into the Hudson, and finally into the 
St. Lawrence. The upper lakes are somewhat delicately 
balanced just where Likes might have been least expected— 
on the watershed between the river* flowing south to the 
Gulf of Mexico and north to Hudson Bay. A grtitlr tilt of 
their basini would sulfite to rend their waters southward 
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Fscst, l^m.--Succrimx u:lct> in tbr dwUsptunnj ^ tlic Gtr*t Lakes of 
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An ■ ir ■. ir:iRK abmu yurt *^i a ilirjwira? manjinn! lab*. .... r«;ilri 
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Ym, is& 

-l-hr. in^tor. a s. lp -ri« Md Mirfn^ndtaininto ,hr Mtai-iani 

™tcm Ukrt drain kilo ihr Huiikon Uvq 

ills lead of eastwarsL foostatic tip* til ring tovvarcb the north h 
aril! in progress, md Lite rate of mnvemem b such that In 
about l t 500 years Lake Michigan will again drain to (he 
Mississippi, unless sonir counterbalancing process (surh as 
human interference) intervene. 

To die north'west another series of Jakes originated in 
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Th? teppcf lak^ iwEtllm Snio the uuT^fal Likr Al|{OiU];Uin, diaio. t^trcLiicr with 
fjllir Brie I in I it j vav,iv tJuii the Si, I„wrni.N- vullcy ai*i «*M-ii'.faE 

i>vr p tatc of I-ikr On I am An cpcmiijraj oTeffti^v ffrrtft 1 i«- Mfchiffin 

n |iti li JntPi tL-p Mlnitiipjii 



Fto. 131 

The takti ap^ircKaek xhrit [srirs-ij E-day <jftl|ifict. lire Upprr [iiitti draining iltid I lie 
thrfndftnff Sti L^Wffnr* leeway cHmn^fi I he valley of vvhal i* nmv E^r OttDfta 
ftjver. E f l^Jcc Bfr . F, KLugcr Lakes -Sew Vctfk Suite s H, Labr Hurim l 
M* Lake MSdT%»n j S, Taitc Sapcriti# 

Ftiucli die saitic way,, twi nnin g their history as marginal takes 
which coalesced into a gigantic sliceL of water rderred to as 
Lake Agassiz. The flat -lying sediments of the Boor of ii\b 
vanished lake farm the ridi whe.it hi nth of Nunli Dakota and 
Manitoba. At first Lake Agassiz drained into the Mistissippi, 
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but lower outlets were uncovered to the north litter on, and 
the vast lake was reduced 10 remnants, including Lake Winni¬ 
peg, Lake Manitoba, and the Lake of the Woods. In Europe 
.Lakes Jatdoga and Onega had a similar origin and history, 
Lake basins owing thrir origin to other geological pro- 
cesses are described in the appropriate chapter, but for con¬ 
venience the following summary is added litre. 

Lake Basim due to Earth Mtnxmatti 

Tectonic depressions arc responsible for the largest of the 
world's lakes 'Caspian Sea), the deepest ft** Tanganiyka), the 
lowest .Dead Sea), and amongst thaw of notable size the 
highest iL. Titicaca, Bolivian plateau), as well as for many 
shallow lakes, both large iL. Victoria) and small 'local sihk- 
inp of die ground accompanying earth quakes). In terms, of 
origin the chief types are due to : 

Crvsta! Harping (L. Victoria, page 431; Lough Neagh) and 
the backtilting of valley systems (U Kyoga, page 432). 

Dijfnt filial Faulting) especially in die African Riff Valleys 
(page 482) and in the Great Basin of die Western States (page 
423). 

frar Fault.* acrciss a pro-existing valley, whereby it may be 
obstructed by a hilt range (L. Joux, Jura Mountains; 
Falilensce, Santis Alp), 

Fair Butins dut to I Wratjf Activity 

Craters and Calderas of ottfrart or dormant volcanoes (Crater 
Lake, Oregon, Plate U4). 

(jita Fhst- farming barriers across vallevs Sea of Galilee - 
L, Kivu}. 

Ijtkf Basins dut to Deposition oj Sediments 

Obstruction of valley* and river channels may in; bruueht 
about by: * 

Landslides (page U«) and occasionally by avalanches anti 
screes* 

Fiver Dopants : Delta growth from relatively vigorous side 
streams. The scaling off at both end* of abandonctl meander 
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loops {ox-bow lakes, page llJfi). Levee building in general 
(flood plain lakes and swamps anti delta lagoons, page IflS and 
Fig. 79). Norfolk Broads (page* IU4-P5). 

Gittcini Deposits [see above). 

Hint/ Deposits s Coastal sand dunes enclosing hguoas and 
mars lies (as in the I .a tides of south-west Fnma'i, 

Murine Depute : Closed bars and barrier beaches enclosing 

coastal laguotu page -90,'. 

tjikt Batins due to Dentuhutm 

I* should not Ite overlooked that the depressions occupied 
by an immense number of barrier lakes are river valleys that 
have been locally obstructed. Ihc billowing processes are 
directly responsible fur die excavation ot basins : 

Sohmi Artim vf Gtvund-it atfT; Swallow hoH, <>f which die 
outlets have been 'logged by residual days. Surface subsi¬ 
dences due to underground solution of limestone 'page 134) or 
of rock salt (the nu-rr> of Cheshire). 

Sohmi Art Urn oj Riots ; Expansion and deepening* of river 
beds by surface solution of limestone some of the Alpine lakes; 
Lough Uerg, an expansion of the River Shannon), 

dm'in! Erosion see above). 

Wind Detklian * Hollows excavated in arid regions to a. 
depth where an adequate ,upplv of ground-water is tapped. 


TtiE Puejvtocsne Ice Age 

Tlie maximum extent of thr Pleiitoccftr ice sheets in the 
Northern Hemisphere is shown In Fig, 132. The total area 
overwhelmed by i«* approached eight mill ion square miles. 
Half of this was in North America, where thr ice radiated from 
three main centres ; Labrador, the Kccwatin district border¬ 
ing Hudson Bay. anti the Cordillcran range-, of the west. The 
European ice and its continuation beyond die Urals covered 
nearly three million square miles. A subsidiary ice c :ip radian d 
Com the Alps, and the Himalayas and other ranges of Asia 
were similarly glaciated. It b remarkable that some of the 
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Fig, lit? 

%hp ihiTwiEiif ihr majdmuin fiirn? of ihr FJi'iUftcctiC in r. In the S T <mbcrt 
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Amin islands and much of Siberia i i/ t 204] appear to 
have escaped general glaciation- In recent years* however* 
Soviet gcologisti liav-e been finding increasing evidence that 
die ice spread over wider areas than lh«c shown on Fig. 133. 

In the Southern Hemisphere the Kosciusko plateau of New 
South Wal«* and a ramtiricrablr part of Tasmania were glaci¬ 
ated. New Zealand, where glaciers -till jvervUt, wa* largely 
shrouded in ice, and so were extensive tracts or Patagonia and 
southern Chile, The Animate sheet, like that of Greenland, 
wa thicker and more extensive than it is today. in Central 
Afrira mu mines oceui mom than fi.lHio feet below the ice that 
still remains on Ruwenzori and the higher volcanic peaks (sec 
Ware I he climatic changes evidently led to ;i general 

lowering of the snow line, and were dearly world-wide in their 
effects. 


Detailed studies of the 


drift deposits have shown that 
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HIE FOUR ALPtNli GLACIATION? 

glaciation was not confined to die effect of a single great 
advance and ret real of the ice. In many places around the 
Alps four successive*?,** of boulder days, moraines, and outwash 
gravels arc preserved, showing that there was a fourfold rt> 
pcriikm of the glacial cycle. The fourth and latest cycle, of 
which naturally most is known, appears in Imvc involved one 
or two minor advances and retreats hrf : tin* final withdrawal 
to present conditions. The intervals between the major glacial 
plimes—known as inUrgiarinl tfagtt —ore represented by .un icut 
soils, and locally by lake and river deposits or screes, sand¬ 
wiched between older and younger beds of glacial or glicio- 
fluvial drift. 

Some of die mtcrghtd.il beds contain plant remains, and 
so pros ide valuable information Bs to the c limatic conditions 
;u Ihe times when they- were deposited, A consolidated scree, 
formed during the third interglacial stage, and still preserved 
as a thick wedge of breccia near Innsbruck, contains fossil 
leaves and other relics of trm dial no longer grow in the Alps 
but only in warmer regions. At dial time thr average Tem¬ 
peratures in the Alpine region must have been higher than now, 
and quite possibly it was then too warm for glaciers to be 
nourished at all. From simitar lines T evidence elsewhere it 
appears that the first imerglarial stage was also relatively 
warm, but that the second was • nolcr, with a clhnare com¬ 
parable to that of the present. 

Tlie Tour major Alpine gladatioru and the intrrvrniug 
interglacial stages are known by the names listed in the inllow- 
mg table, the names. Ijeing those of places where the glacial 
deposits so distinguished are .veil exposed. Attempts have 
been made to estimate the durations of the interglacial stages 
by comparing thr effects of weathering and erosion on ihc 
underlying deposits in each case. Thr depth reached by 
weathering during Riss-Wiirm lime is found to be about three 
times that achieved on similar but later deposits exposed 
during pewi-Whrm time. Since the Jailer U about 2S T lkM> 
years, it follows that Ihc Riss-Wtirm interval cannot have bren 
less than T8,()W yean. Indeed, it may well have been cun- 
siderabh hniger, because the second fimt nt weathering—other 
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things being equal—luka ccmidctnhly longer than eIiv fim p 
mid so on* The figUtre in the table arc therefore to be regarded 
as minima. Estimates from America based on the same com¬ 
parative method arc given in the last column. Allowing for 
the very considerable margin of uncertainty. it can hardly be 
less than a million years since the first great ice sheet began l\% 
advance—and it may well be more* 

What of the future? Reference to Fig, 133 shows that 
during the latest chapter of the earths history there liave 
already been four major climatic cycles. Clearly we am have 
no assurance dial these remarkable nsnllfitinri* have come to 
an end. The persistence of the Greenland and Antarctic 
See sheets shows that, strictly speaking, fhe Ice Age is still with 
us. But even though die former severity hits relaxed, it is 
important to realise that present conditions are themselves! 
geologically speaking* very unusual, lee age^ have bceo quite 
exceptional during the earth 1 * history, and it is to be expected 
that Sooner or later there will be a irtum to the milder and 
more normal cBmales that have characterised moM uf the 
geological past. Ice sherU will then fx* banished from the 
globe, 

Mean while apart from the remote possibility that present 
condittfim wiU pc^m inddttiitdy — the future bolds out the 
prnspect of one of two alternatives* It may be that we are 
now living in the early years of a cool interglacial stage, com¬ 
parable with that of the Mindcl-Rk.% to be followed by yet 
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another glaciation which, this time, would relentlessly oblitc- 
niic many ofth.- most cherished homes of man kind. On die 
other bind, dir present may be merely a pause d um p (he dow 
restoration of o more genial clinmti: under which the ejJjtuig 
ice-sheets will melt away, jf this happens, the liberated melt- 
waters will raise ilie level of ihe oceans by about I00 feci;, 
Loudon and Viv York and all other ports and lowland t itfc* 
throughout the world will then lie submerged, and obliged to 
migrate to higher sites. Either alternative U sufficiently alarm¬ 
ing to justify the most <a refill study of present-day climatic 
tendencies, and of the possible causes of ice ages. 


,SrccESTFj> IIacses of Icf. Aces 


If wc knew how to explain the strange vicissitudes of climate 
that have occurred in the past, we might he able to forecast 
future developments more canfulcntfc But K> far this highly 
complex problem remains unsolved, although many plausible 
hypotheses have been proposed. Only a brief outline of the 
more important sucsjcsiions ran be given here. 

Changes in I fit Haiti h SioivHvnt j 0 / Ike forth, t . in die ect'.tti- 
iricity of the earth's orbit, and in die Inclination of the earth 1 * 
astu to tile ecliptic. Their are real periodic rluingrs, and 
sincr they must be accompanied by correspondingly periodic 
climatic variations, they must have a genuine 1 tearing an the 
climatic problem. If, however, the varintkms readied ex- 
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manes sufficient tn acceurii for the gbiciatinm of the Pleisto¬ 
cene, there should h.iv< I>1:011 hundreds <>| >iiulLi m ■-agr- lime 
the Cambrian |tciind, Actually, theft has been only '«ir other 
comparable case during the Inst five hundred million years— at 
die doge of ihc Carboniferous period sec page 49 ft), It may 
tlierdVirc be concluded that, by themsdves. these changes are 
inadequate. 

Changes in the Position i>f ihr Potts ttluUi c to the O-oaiurnts- or 
vict wrjit.— It is generally ;igrecd that movement 1 of the poles 
on a f. ale sufficient to bring about important c limn tic changes 
are highly impmb.sljlt. The earth bduma like .1 gyroscope 
and only very slight changes in the position of the .isa> are 
dynamically possible. It ri much kv> improbable that the 
ouicr runt may havt m..vcd over ifie inf nor, m that the 
rnntinrnf. may have changed their positions relatively to one 
another. Continental drift (discussed in Chapter XXI) might 
account for the distribute of certain glaciated areas, particularly 
in the hue Carboniferents, when India and Central Africa were 
amongst die glaciated lands * hut neither continental drift 
nor psiar wandering begins 10 explain how llit^r areas tame 
tu L-e glaciated m nil. Polar ice ot|ts are exceptional features 
tn the earth's history, and a region (lor. not .uiiotiuukMlIy 
receive a shroud of ice merely because ii happens to lie over 
or near one of the poles. 

Changet in Top#grap\v.—Monn tain growth and continental 
uplifts Itave occurred at intervals during geological time, and 
if such elevated regions rose above the snow line glaciation 
would obviously lie favoured. Moreover, changes in topog¬ 
raphy, and itt the distribution tif land and sea, affect the . ir- 
euliitious of moisture-laden winds and of oceanic uu-rents, 
both of whirl 1 affect in turn the height of the snow line and 
climatic condition, generally. Here, thro, wv have an im- 
put.int ctuuribuioiy Etc tor. Inn certainly not a mi Undent mic 
in itself, for ilierr U no Correia don between the times of moxi- 
mum devaiinn and tliosc of widespread glaciation. (Inn- 
vendy, ihr lute Car Eh mil emus ice sheets developed over lands 
that were for the most purl low-tying. 


unconfirmed hypotheses 

Changes in iite Composition of lit* Atmosphm. —The cartwm 
dioxide of die air absorbs a small amount of the heat H.flrrtrd 
b'-'tn the lands, h ha'- therefore been suggested that im-rcase 
in iij>- proportion of atmospheric carlum dioxide would lead 
rt> a rist of temperature, and decrease to a fall of temperature. 
The effect is very- slight, and b almost wholly offset by com* 
plejiirntaTy e/fecis due to water vapour. Appeal has also been 
made to tlie fact (hot after paroxysmal volcanic eruptions (e*£. 
Krakatau in Ipage 470) die dust blown into thr air reflects 
bad some of the sun's rays, and so bring* about a temporary 
drop si temperature* Tlirre is, however, no correlation 
between times of prolonged volcanic activity and timer of 
glac Larion, 

Chani'r.t in tht Sun's Rmlintion. -Small-wale variations tn the 
dir amount oOleat received from tlu- sun arc known In occur t 
especially in connection with (he sun-spot eyrie. This fact 
has stimulated whal is perhaps the most promising nf all the 
ideas ,v> far proposed : die hypothesis that there may be larger 
scnlr fliicuiatiun; in the sun's radiation, reclining at very long 
intervals. When we consider that the earth has orogcnic 
cyclcs of $00 million years or so, reflecting the behaviour of 
its interior, if seems not unreasonable to suppose that the sun 
may also be subject to long-period disturbances arising from 
within it. The difficulty about ibis hypothi ds is nut dial it Ls 
tuadequate, but dial it cannot be tested and therefore cannot 
ly? either proved or disproved, it may very well bt true, but 
Ibr the present il remains no more than an attractive specu¬ 
lation. 
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Chapter XIII 


WIND ACTION AND DESERT LANDSCAPES 

The Geological Work of Wind 

Al an. agent of transport, and therefore of erosion and de¬ 
position, lilt work ©I the wind ts familial wherever loose surface 
materials are unprotected by a covering of vegetation. Tim 
racing of clouds of dust from ploughed fields after a spell of 
dry weather and the drift of wind-swept sand along a dry 
beach are known to everyone. It is with this direct action on 
die land surface that we shall he concerned in this chapter. 
Hut it should not be overlooked th . the wind .thso distributes 
moisture uver the face of file- earth, and is therefore one 
of die primary fat tor- responsible for weather and wrather- 
mg and lor the maintenance of rivers and glaciers. More¬ 
over, by transferring pari of its energy to the auiTace watrr 
of the sen, the wind is responsible for waves and their erosive 
work. 

In humid regions,, except along the seashore, wind erosion 
is limited by the prevalent cover of grass and trees and by the 
binding action of moisture in the soil, Rut the trials of desert 
warfare have made it hardly necessary to stress the fact that 
in arid regions the effects of the wind are unrestrained. The 
" scon hi rig .nirt-hderi breath nf r Ire desert ” wages its own 
War of nerves. Dust storms darken the sky, transform the air 
inln a suili -eating blast, and carry enormous quantities of 
material over great distances (Fig, 13; i. Vessels passing 
through i hr Red Sea often receive a baptism of fine sand lmm 
the desert winds-; ami, beyond the other end of the Sahara, 
dunes have accumulated in the Canary Islands from sand 
blown ;u [uthe intervening tea. Red dust utimetitnc-. falls 
in Italy, and even in Germany, tarried north by great 
si onus from the Sahara. The '* blood rains” of Italy arc 
title to this -.iim red dust washed down, by rain fmm the 
Intisy atmosphere. 
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Ihtit jLlmn jip|nuuiii»K: i'on Sttdau 

By itself the Hind can remove Only dry incoherent deposits, 
Tills process of lowering tin- land surface is called iltjlufmn (L 
dfpit> la blow away). Armed with lllr saml grains thus 
acquired, the wind near thr ground becomes a powerful 
scouring or abrading agent, The resulting erosion i* described 
ai wms!abtatiux. By Innumerable impacts the grains themselves 
.ire gradually worn down and mnndrd. This third aspect of 
wind ctiniou, the wrnr .md tear of die " tools," Is distinguished 
as aliritiajl. 

'Hie winnowing action of the wind ef fee lively sorts out the 
transported panicles according io their sizes. This is well 
illustrated in the desert wherever mixed deposits of gravrl, 
s™d, and mud are worked over by the wind, Such materials 
.ire coiuiimally Bbemtcd by weathering and abrasion from 
bedrock surfa* <-4, btn iur larger supplies are furnished by 
sheets of poorly assorted alluvium spread over the desert floor 
by the iXTasionat torrents that Hush out the wadis. Particle? 
nl silt and dust arc whirled high into the air and transported 
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fat from Lhtir source, to accumulate beyond the desert as 
deposits of loess {page Sand grains we swept along near 

iin* surface, travelling by leaps and tn«Limls, until The wine! drops 
or some obstacle is encountered. Tire duties and other .nxumu* 
iatioih nf wind-blown sand thus come to be comptwed of dean 
■onl uniform grains. the finer panicles hasnng been sifted out 
and the larger fragments left behind, h id I lows that pebbles 
and gravel arc steadily concentrated on the wind-swept sur¬ 
faces of i he original mat tile of rock-waste. 

As a result uf wind erosion, transport, and deposition three 
distinctive types of desert mite arc produced : 

■ P 7 he rocky desert rhr hammadu of the Sahara), with a sur¬ 

face n[' bedrock kepi dusted by deflation and ; moot lied by 
abradon Hate til*] ; 

1) tin- rtujjy desert, with a surface of gravd fthe reg of the 
Algerian Sahara), nr of pebbles (the jrn'r of Libya and 
Egypt) ; and 

■ 3) the sandy desert (the etg of die Sahara). 

Complementary to these is the loess of the bordering steppe*, 
deposited from the dust-Lidm winds that blow from the desert. 


Wind Erosion 

The must serious effects of wind deflation—from the human 
point of view —«fb experienced in semi-arid regions like rite 
Great Plains west of the Mississippi, where in recent years vast 
quantities of soil have been, blown and washed away from 
thousands of formerly productive wheat-growing farms. Orig¬ 
inally an unbroken cover of grass stabilised the ground, but 
long-continued ploughing and over-exploit a ti on finally de¬ 
stroyed the binding power of the vtil and exposed it as a loose 
powder to the driving lorre of the w ind. This national menace 
became critical during a period of severe droughts, culminating 
in 1 when great dust storms originating in the “Dust 

Bowl " ol Kalians swept over the States towards the Atlantic 
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Rjiimv.-sl] and tin* creeping disease of badland erosion ex¬ 
tended tlit devaatainm, Widespread measures of reclamation 
and protection have Ix-en undertaken to minimise the growing 
wastage and desolation. 

A characteristic result of deflation, especially over regions 
where unconsolidated days and friable shales are exposed (r.g. 
in the Nor til African, Kalahari, and Mongolian deserts*, is the 
production of wide plains and basin-Hk< depressions. The 
excavation of hollows is limited only by thr foe i that even 
in deserts underground water may he proem. Oure the 
desert floor has been lowered to the level nf the ground* 
water, the wind can no longer pick up the m. listened particles. 
The have level for wind action is that of the water table, 
which may be far below .wn level, The “ pans " of Smith 
Africa and the Kalahari and ihe more impressive depressions 
and oases of Egypt and Libya have all been excavated by 
ablation. 

Westward from Cairo io Jnrabub there b a remarkable 
series of basins with their floors well below sea level (Fig. Lift), 
reaching —420 Jeet in iln: sail tmmhc* of the immense Qatuira 
depression. Some of the smaller basins tap a copious supply ul 
ground-water at depths or - 30 to — lOofeel, and have become 
fertile oases. To the Tim ill the surface rites by abrupt escarp¬ 
ment* 10 terraced tablelands formed of hard sandstones and 
limestones which formerly extended across the softer rocks of 
the depressions. To the south, following die direction of die 
prevailing wind, long stretches of sand dimes represent part 
of die removed materials. The other well-known oases of 
Egypt—B.iharia, F.irofra. DuLliLi, and Khaig.i—aic above 
S&t level, but they have originated in the vime way. All bf 
dient have *tecp escarpmriiM of roisum rock to the north, 
anil Ilaharia is entirely <n rinsed within rocky walls. I'hc 
fl'vh consist of the same soft strain as those found at the base 
( ‘f the rscarpjuenii, Ihe depressions are not crustal sags, rmr 
have I hey been cut by water, for the imcrmitteiu floods due 
to rare cloudbursts tend to fill them up with debris. The wind 
ha* hern the sole excavator. 

The effects oi wind abrasion are unmistakably expressed 
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in the farms mid surfaces of the desen bedrocks. Just as an 
artificial sand blast Is used to clean and polish building stones 
amt to etch glass, so the natural sand blast of the wind attacks 
destructively everything that lies across io path. Claw driven 
against wind-blown sand may have their wind-screens frosted 
and their pain! scoured off, The action mi exposed melts b 
highly selective. Like a delicate etching loo], the sand blast 
picks oui every detail of the structure. H.trd lobbies, nodules, 
and fossils are left protruding from their softer matrix until 
iliey fall out, \ .iri.ibly remented rocks are fritted and honey¬ 
combed like fantastic carvings. Where iherc are thin alier- 
nations of hard and soft strata the suit bands arc scoured away 
more rapidly than the hard, which thus come to stand out in 
strong relief, like fluted shelves and cornices with deep grooves 
between. Where the wind blows steadily in one direction 
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over strata of thb kind, especially if the beds are tilled rather 
than liar, the softer materials art extravated into long passage¬ 
ways (parallel to the dominant wind dim imn\ separating 
deeply undercut, overhanging ridges. Such fantastically 
carved " cockscomb ” ridges are common in certain parts of 
the Asiatic deserts, where they are called ytmidngi, 

L ndcrciiiiing hi everywhere a marked feature of wind 
abrasion, owing to die fact that die process Ls most effective 
Just above the surface, where the sand h mo*t abundant. 
Telegraph pole in sandy atmdic* of desert have id be protected 
by piles oTitaws agaimL the cutting action of the sand grains 
hurled against ihcrn. Along the base of escarpments alcoves 
and small raverm may tie hollowed out. As always* the etfeci 
oS undercutting on riowly ’Weathered formations is to maintain 
sieep slopes. Joints are readily attacked and opened up and 
these commonly determine the outlines of rock towers and 
pinnaeles* ttrfl isolated like detached bastions in front ut 
the receding wall of ait escarpment PI.nr Ii4). Upstanding 
rocks attacked at die base by winds Crum varied directions 
pass through a stage in which they resemble mushrooms, 
especially when a resistant cap-rock overlies a weaker 
formation. 

Where the bedrock of I he desert door is expend to blow n 
sand it may be smoothed or pitted or furrowed, according to 
its structure. Compact limestones become polished* missive 
granites arc smoothed or pitied,, and gneisses and schists arc 
ribbed ;uu! fluted parallel to their foliation* Where pebbles 
have become suflSti nitty I'.imr.cntrated by removal of finct 1 
material they become closely packed, and m time their tipper 
smhuxs are ground flat. In tbh way mosaic dike tract- ol 
ckMTt-pto*mtnt are developed* I dilated prblnes or rock frag¬ 
ment* strewn on the dr*ert utrfacc are bevelled on the wind- 
ward side until a smooth lace h cut If the direction of the 
wind changes seasonally* or if the pebble h tmriermmed and 
turned over, two nr more hit eta may be cut* each pair meeting 
in a sharp edge, Such wuid-facrtcd pebbles, which often 
resemble Brazil nuts* accept that their surfaces are polished, 
arc known as dnikanltf or i tnhjW.ts (Fig, S3i5)* 
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Fte. 13* 

iHkbln lAif-rrd by xinri hlaU (drdkatsrtT or vcntifof Hi. Drawn by M, V. U:n«i 
Irem spttimruj tn die Cnifu Critical Muaciuti. Frm IV. //, Wow, “(iie/an 
if £vpt* Hrf. Ei k> 

As a result of continual attrition due to the friction of 
foiling and impact the sand grains themselves are gradually 
worn down and rounded. The prolonged action of wind is 
far more effective in rounding sand grains than that of running 
water, because of «) the greater velocity of the wind ; 6) the 

greater distances traversed by die grains a* they bound and 
rull and culliik' with each other b;n kwanfc and forwards across 
wide stretches of desert; and (c) the aUrncc of a protective 
sheath of water. Some of the miiltt utd sands of the desert are 
pltnost perfect sphere* with a mat surface like that of ground 
glass. It is also noteworthy that visible (lakes of mica, such as 
arc commonly seen in wnicr*dcposjtcd sands and sandstones, 
arc very rare in desert sands and dunes. The easy cleavage 
of mica facilitates cons I an I I faying during the wear and tear 
of wind action. Mica is thus reduced to an impalpable powder 
Lhaj is wiimuwcd atvav from thr heavier sand grains. These 
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contrast* between waier-liiid and aeolian iainls arc of great 
value in deciding whether ancient sands tunes have been 
formed in deserts or under water. The Penrith Sandstone of 
the Eden valley it :t well-known example of a Permian desert 
sand. Its rounded grainy tlie absence of mica, and the cross- 
bedding of the formation all testify to the desert conditions ol 
tile time. 


(lOMfAL DlXNt.5 AND cS AN Ditit.Hi 

Along low-lying stretches of sandy roasts and lake shores, 
where die prevailing winds are onshore, drifting sand is blown 
landwards and piled up into dunes which form a minimi 
bulwark of sandhill*. Any mmtnd or ridge of sand with a ires! 
or definite summit is called ,i Di-juaiiimi begins wherever 

the force of the wind it. broken by ohsuiictive irregularities of 
die surface, including grasses and trees. In humid regions the 



Pm. 13? 

Seelirm* lo fUmtmic ihr jiTntvtti, mtpaifrift* anrt imjeTufr. of - uni dum-t, A 
liaiiottiurp dunr f A,_ j^rmvi iji 3 wjlli u frjirwnnJ tiul up^urd idiimz of iJur 
m$U When ill t land ripply tuni witul veloricy in^lvt tniRrqtirm nl the dune, 
ibe cm jiiltAsi c* in prahttn* mth i, r* - * - f h ftjitl H 

condirinns governing growth and removal are vei-y complex. 
The wind varies in mrength and direction* Vegetation am) 
mottmrr irml to fix the sand, but fixation h often incomplete. 
Daring severe gates old dunes may be breached and scooped 
out into deep il blow outs/ P The resulting confused assemblage 
of hummocks and hoi Iowa gives coital sandhills a diameter- 
is deal I y chaotic relief. 

An ideal dime has a long windward slope rising u> a < vest 
and a much steeper leeward dope Fig. 137), The Litter b 
determined by the fai t that ^dtid blown over she cresi fiilb 
mm a wind shadow, and comes to rat M its natural angle of 
repose—about 30* to XV for dry sand* The windw ard slope 
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MIGRATION OF SASH DI2KH* 


is often beautifully rippled {Plates 5a and 00a). In til nation* 
where dune- are not effectively arrested by vegetation, or kept 
within bourn U by winds from opposing quartets, they slowly 
migrate in die direction of the prevailing wind. When the 
wind is not fully loaded with newly acquired sand it sweeps 
tip more from the windward slope, and drops it over the crest, 
where it streams down the " slip-face." By subtraction of 
$aud from one side and addition to the oilier die dune travels 
forward. 

As one belt of dunes is driven inland away from the beach, 
another arise? in it* place “ so lhat a series of huge sandy 
billows, m it weir, is mnimually mi tin move from the sv.t- 
margin towards the interior" (Plate 58a). Very wide belts 
of sandhill have spread inland in this way along the coasts 
uf Hfilltind ami .North Germany and in the Liiirics of Gascony 
adjoining the Bay uf Biscay. The Culbin sandhills, near the 
mouth of the Fiodhorn cm the southern shore of die Moray 
Firth, Inrribh a l lassie example of die destruction of cultivated 
lands and habitations by advancing sand. Prior to I (HU dir 
sandhills had already reached the fringe of the Culbin estate. 
In that year a great storm started a phase of accelerated cn- 
ctoaclimcm which finally led to die complete obliteration of 
ln>uses, farms, and orchards, and even to the burial of fir 
plantuliitm (Plate oil., 

In many threatened regions measures have been taken to 
restrain the advance of the duties. Tough binding grasses 
such as bent or marram air excellent for Uii? purpose'.Plate 
GSbI. Tlir harsh tufts - heck the wind, trap annulling supplies 
of sand, and continue to grow outwards as the entangled '.and 
accumulate*, leaving behind diem an intricate network of 
long routs. Such proicried duties become levelled up and 
turfed over, Subsequent gtuwth of the dunes then tends to be 
seawards. Where the problem is Jess easily solved, as in the 
Landes, the dunes are anchored more securely by starting 
plantations of conifers on the landward tide, and gradually 
extending them across (lie sand already partially fixed by 
grasses. 


i.8 


t6t 


wtisp action ano dejeht i a voir apes 


Desekii Dunes and Sand Sheets 

About n fifth of the hind surface is desert. and cm an average 
about a filth uT die desert areas is mantled with sand. A high 
[iiotmi tion of the desert floor is an erosion surface of bedrock, 
lot:ally strewn with coarse rock-waste (Plate (Ha). Regions 
of shale and limestont' provide little or no sand, but where 
sandstone is being disintegrated or mixed alluvium is being 
deflated, l In- wind picks up the loose grains and concentrates 
them into vast sand wastes [Plate fitt) and long chains of 
dunes. 


[JoDipJjcationj iluc lo vegetation and uioistiiic arise only 
around oases or in the transition zones where tile desert mages 



I’kj. m 

A iy]>tral luifKin |il»HVrn frnm * p)intfii(r^ili) 


into steppe or savanna country, tn the heart of the desert the 
wind h.ts free play- But nevertheless, as a masterly study by 
Brigadier Ifajpiutd has made abundant! v ■ I car, (lie factors 
continuing the form of the iattd an umulation- atr far firom 
simple. They Include the nature, extent, and rate of erosion 
of die soutLi of supply ; the (fees uf the sntii] grains and 
aisnciutnl fragments : the varying strength and direction of 
the wind ; and ihc rough nc--. or jmonthnets of the surface 
c.jt; ihe pn>cn<:e or ubsctu r ■! pebbles'' across which the sand 
i> drilled and deposited. Of the resulting sand forms four main 
types i-.in be distini'uhilieti ; 

jiv Sand drifts caused by protruding rocks or clifL. These 
call for no further mention. 

(&) t'rmrntfc dunes or harrfuw in Turkestan name which has 
Ijcch generally adopted), which occur as isolated units 
iKtg, 13* , cither sporadically or in lung chaiudike 
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$ warms, or as colonics, more or leas linked together 
laterally, which advance across ihc desert like gigantic 
hut irregular ripples. 

(tf) Linear ridges or fongituditiai daunt (known as seifs in the 
Sahara] t which commonly occur in parallel ranges of 
immense length, each diversified by peak after peak 
" in regular succession like (he teeth of a monstrous 
saw.” 

(d) Sand sheets of wide extent, which may bt flat or un¬ 
dulating riiite tH* ami Fig. HI). 

Dune,' arise wherever a sand-laden wind piles up sand on 
the slopes "t' a random patch. The mound grows in height 
until a 11 slip-face" is established by avalanching on die 
sheltered leeward side. As the dune migrates, Mu: extremities, 
Ollcriug less resistance to the wind than the summit region, 
advance more rapidly, until they extend into wings of such a 
length that their total obstructive power becomes equal to 
that <d the middle of the dune. Hie resulting crescentic Form 
then persists with only minor modifications of shape and size, 
so long as the wind blows from the same quarter. The width 
■>l n barchan is commonly .if tout a dozen times the height, 
which ranges up to a maximum of 100 icct nr so. Winds 
blowing continually from nearly the same direction arc 
«sscntiaj for the growth and lability of barchans. Under such 
conditions, and given a sufficient supply of >and, elongated 
swarms of barchans march slowly forward, like a stream of 
vehicles in a one-way street (Fig. 13b). The rate of progress 
V aries up id 2(1 feet a year for high dunes, and up to 50 feet 
a yrar for small imrs. 

Where the prevailing wind is occasionally interrupted bv 
strong cross winds which drive in sand irom the sides, the 
conditi' ns arc like those o{ a one-way sired which become! 
densely crowded and choked by the inflow uT traffic from every 
cross-road. Instead of a chain of barchans, a Jong seiTdune « 
develo(>ed, a high, continuum, but serrated ridge parallel to 
the direction uf Lbe prevailing wind, and In some examples 
running dead straight for a hundred miles or more, In Smith 
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Iran such ridges occasionally reach a height of TOO feet. In 
Egypt 300 feet is common. S.S.E. of the Qaiuirs depression 
there is a long tract of many parallel seifs willi corridors of 
bare desert floor between (Fig, I3fl). One of the must re¬ 
markable features of desert dune; is ihrir apparent [tower of 
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folio ring all the sand in thrir neighbourhood. The explana¬ 
tion apfwars to be that the wind exerts .i shepherding effect. 
It the surface between the dunes is fairly smooth, the drag on 
wind there is Jess than it is along the edge of the dune. Eddies 
are thus set up which blow towards the dune, and so keep the 
intervening surface swept clean Fig. 140). 

264 . 









t.\ III ih? dnd^ca of I hr- A]gcf Lm 


{E.a\.4. 


I'UiTF 



'VS. ttepi, vf ii&r&r 

Iti JViilJl^'afky^fjJircrrufl + Cnftenvrtund ^tutmtifiiu in liie iMcLgroiHui 


SAKO DL XL> 










PI-ATX fll 



W n*e mtfcv wjmIi* id Aiusiitf.Krrdtiu-j. £C* 


[E.AVt 



SN T1IF. ALGERIAN S SAHARA 







DESERT SAN'D SHEETS 






Fin. Ml 

A l vln» -i .,n fyTpdcn “ timl kb" I.Hnwa ti>- \|. V. B^ ny . 

' FtJm ' Ji '- ,f Hanr T *'Ctoin.jy v f IW. f„ if 


In the treat Kgypiixui Sand Sea l ig. J 41 ), however, 
anotlici factor operates. Here the dunes, which include 
idis in some parts, mid colonies -if irregular burcham in 
otlicn, rise above a plat form of coarse s.umL This has 
umul.iicd an Hind their bases Inn a use the grains arc too 
t>- 10 accompany the finer sand which is carried up 
the slopes of the dunes. Wide, featureless sand sheet* 
accumulate where the wind disperses chance mounds of 
sand, instead of developing them into dunes. Hero th 
cflbci of sprinkled pebbles comes in. A pebbly surf 
increases die drag on the wind to such art extent t 
tile velocity near the ground » less than it a over a 
patch oT dean sand. The resulting eddies therefore blow 
from the patch inwards the pebbly surface until the sand is 
again evenly distributed between the pebbles. Widespread 
sand sheets arc also characteristically developed on 1 he borders 
of deserts, where a scanty vegetation diversifies the surface 
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(Fi^. U2 and Plait G3n). Grass am! tenth brrjk the force 
of the wind and in blown sand is evenly distributed. 

One of c hr imsst curimii phenomena associated with dry 
dime £^ndi is the mysterious booming which suddenly inter- 
nipts the silence in certain desert localitics. Bognold wdtO» 
Native tales have woven it into fantasy ; sometimes it ts the 
sony iA -Irens who lure travellers u> a waterier doom ; some¬ 
times it b said to come upwards from htlk uHi u Jlirip under- 
grvirnd in a s;iiul-cngiillrd monastery ; or muvbe it b merely 
the trngcr of the jinn I Hut Urn legends^ as collected by the late 
Curzon, am hardly more ajlotiiablng than the thing itself* 
1 have heard it in *oudi-weMrni Egypt 300 miles from the 
nearest habitation. On two inaanfom it hiippcijcd on a stil] 
niyhb suddenly—a vibrant booming so bud rh m 1 had to 
shout tu be heard bj my couipunion. Soon other source® set 
going by the disturbance joined their music to the first, 
ThU weird chorus went on for more than five minutes con¬ 
tinuously before silence returned** 1 « Roaring '* sands have 
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been described from a place in ilie Kalahari desert, where a 
long tongue of white sand h advancing across a red sandy 
plain, When die white smd is disturbed by walking or sliding 
down its steep face, the .sand $ti$ up a bttd roaring, recalling 
the stinting of an aeroplane engine. Despite much investiga¬ 
tion and experiment no satisfactory' explanation of the sounds 
is yet Forthcoming. In some way an avalanching layer of 
sand sets all the grains vibrating together. An analogy is 
suggested by the sound given out when one corrugated book 
cover is drawn over another. 


Loess 

We must ne xt entisidcr wha: happen* icj the vast quantities 
of dust which have been winnowed from the desert sahib and 
exported by the wind. From the deserts of Asia the wind 
carries the dust to the south and south-easi over ihe grassy 
regions of Girina, where it is deposited and accumulated as a 
thick blanket of torsi (Fig. 7U)* From the North African 
deserts much of die dust readies die Atlantic, either directly 
or hy w ay of the Congo basin, where it is retained for a time 
in t hi- roil. Of the rest, nunc is trapped by the Mediterranean 
and Rid Seas, while die balance is carrier! towards the steppes 
of Russia md Turkauaru Another very important supply of 
fine tilt and dust was formerly provided by tht: rode Hour of 
glacial deposits. During and after the retreat of each of the 
successive ice sheets, die finer material was sifted out by the 
wind and deposited over die steppe-like country outside the 
glaciated regions (Fig, 143)* Thus tl happen* dial a long Isdt 
■jf lueat, mainly competed iif glacial matcrinl in the weM and 
material in dm cast, stretches from Fmncc to ChiiiLi. 
The term tuns conics fmm a town rif that name m Abfcfe* 
Beginning as straggling belts of hills in France and Germ any t 
the deposit becomes thicker and more extensive as it is traced 
across Russia smd Turkestan, until in Shansi and the adjoining 
provinces of China It reaches its maxim uni development* 

Loess is an accumulation of wand-borne dust and rill, 
washed down from the air by rain, and retained by the pro* 

at>7 


WIND ACttO N A St* DESHtt I4NTOAPES 




I- 1 ifj.- Nl 

Mi|l dlomnjf die rfinnhLiiHKI Iti Tlurnpr rtf l*n juod lo.imv rail formed 
fn>m !l -"' *»d Ss- muKiml refold r- r tj lf Lint Kxtnipr cm acr “1 

(if/lVr tf. »* t'JJ Siih:H\:W I 

tectivc grip of the grasses of ilir steppe, Each spring the grass 
would grow a little higher on the material col let ted during the 
previous year, leaving behind a ramifying tystem of withered 
roots. Over immense areas many hundreds of feet have 
accumulated, whole landscapes having been buried, except 
where the higher peaks project above the blanket of loess. 
The material itself is v■ •!1 1 >w or light huff, very fine grained, 
and devoid of stratification. Although it is very triable and 
porumi, thr $u receive generations ol grass roots, now repro- 
sen ted by narrow tuber partly occupied by calcium carbonate, 
make it sufficiently coherent to stand up in vertical walls which 
do not crumble unless they are disturbed. The of 

traffic along country roads loosens the material, clouds of dost 
are removed by tilt wind, and the roads are worn down ,n W 
steep-walled gullies and miniature canyons. 

In the Iocs# provinces ot Gliinu rain and small streams 
carvc ilic surface into a mare of ravines and badland tnpo- 
grapliy I Plate h.iA). T lie larger rivers How in broad and fertile 
alluvj d plains bordered by vented btuffc. Here and in the 
lowland and deltaic plains to the cast most of the alluvium b 
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idniply Iuen n-dblributcd by water. In the loess uplands 
cultivation <ii the ijt j pc?* is made possible by terracing, 'Hie 
steep-dded cliff* and walls, whether natural or art)tidal, arc 
«ften riddled with cave dwellings, many of which have their 
chimneys opening into the fields above. This mode of Imbi¬ 
bition has occasionally ted to great disaster*. In i.waO, for 
example, widespread landslides and Hoods were started hy a 
catastrophic earthquake and nearly a million peasants lost 
their lives. 

In the semi-ai i j regions of the western Stifles and in the 
MLcri-dppi valley there arc thick dteposita of aMr which cor¬ 
respond in ail essrnliab to the Idcss oi Eurojx: and Asia. Here 
again die material has been sifted by the wind from die rock 
waste of deserts and glad.nod areas, and blown for outside 
the regions of supply, to find lodgment on surfaces, like the 
prairies, protected by vegetation. Similar deposits also occur 
in the pampas of South Amrrit 4 . 


Weathering ahd Smf.Au Work in i fit Desert 

'Hie Sahara and the other oib-trnpictil deserts lie between 
the equatorial and temperate zones along belts of high atmoi- 
pin-tic pressure where the prevalent descending winds are dry. 
The deserts of higher latitudes occur in region* where the rain* 
fall is low either because of die great durance from the oceans 
(e.£. the Gobi of Central Aria or because of the rain burner 
interposal by high mountains near die coast 1 y.g, the deserts 
ofN. and S. America). In all these arid region* the rainfall 
b rare and sporadic, both temperature and wind intensity arc 
subject to violent si .illy and seasonal Uurtiinhuiin. and vegeta¬ 
tion is extremely scanty or entirely lacking. 

Under these conditions mechanical weathering!* dominant, 
involving the splitting, exfoliation, and munfclmg oF rocks hy 
alternations of scorching heat and icy cold (Hair -.fe). N'ever- 
thdess chemical weathering, though extremely slow, plays a 
far from negligible part. By decomposition and solution, rucks 
that would otherwise successfully resist the stresses set up by 
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temperature changes are gradually weakened until they ran 
be shattered* By evaporation minute quaiitiucs of dissolved 
matter arc brought lo die surface* The loose salts arc blown 
a iv ay T btiL Oxide- uf iron. ,i, , mi panted by trace* of manganese 
and other similar oxides, fonn a red, brown, m blank Him 
which ls firmly retaimrd* T~hc surface; of (Grig-exposed 
rocks ami pebble thus ,n ■ |iiire a ■ Imruu l eristic coal of “ desert 
varnish," 

Although most desert localities remain entirely itnvbitrd 
by rain for y cats on end t no part can be regarded as pci> 
maneutJy frrr from rain* Over a representative period o{ 
years the ramfall in limited io an average of a lew inches per 
annum, 10 inches being the limit* reached only on the desert 
margins. In the adjoining semi-arid regions the annual rabi- 
tall rises co 10-20 inches, lint ev en here long periods of drought 
art 1 usual. 

Evaporation for weed* the rainfall in the desert. Per- 
nunmim streams cannot originate under surli c , Aindihnri5 1 
though well nmirisln ti riwn t like the Nile, with adequate 
sources in humid regions, may cross the desert without entirely 
dwindling away* Outllmviiig streams are otherwise short and 
imermiuciit, and confined to coastal districts where, moreover, 
ihe rainfall is !m scanty. The desert drainage b almost 
wholly internal, and directed towards the lowest parts uf llic 
many depressions which, owing to earth movements and wind 
cronrni, characterise the desert surface. Evaporation prevents 
the growth of lakes from which, a* in hurztirf region*, live over¬ 
flow could Find an exit. The poetical general is a Linn that u die 
Weariest river winds swtntwferc ft.ilb ut sea " di^ he 4 apply to 
arid regions, 

Tire gorgrs and xtrep-^ided wadis that dissect the uplands 
(Plate HJ, J t the alluvial spread* that floor the depressions p and 
t]ir ~;di dept Hits and other drird-up remain.* of ephemeral and 
%anitihrd lakes all leMify to tin fact that running water a?- well 
“ vv i|Sl1 i? rl *" { With the evolution of Hie desert landscape. 
Most of these features are an Inheritance from Pleistocene 
tsntri, when there were climatic oscillatlana involving pcribdl 
of greater rainfall ^ Plate Kite). In the Sahara and Syria 
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occurrence uf buried hub i bit* ms, stone imp Emit! its, and tJir 
fossil remain* of irro* e>r m»*drm types all point id the com- 
jmrativtly recent prevalence of moie genial condition** Evi¬ 
dence Tor ilie more active Bow of streams is found in the extinct 
+l waterfatb f1 of certain wadi -. 

Despite the extreme desiccation of to-dav, spasmodic 
stream action < : [ l cotftinuea* Hie chief characteristics of the 
rare nciert rainworms are thdr erratic distribution and brief 
duration, and—apart from occasional light showers—their 
intense violence. Houses of dried salt mud arc washed away 
when a sudden 4< doudburai " descend* on an oasis, and 
travellers have [seen drowned in the floods that rate down the 
dry wadi* with liule m no warning. Such torrent swiftly 
generated in a detain iplund raiiotorm, cany a heavy load 
oi mixed debris, prepared Ibr ihctn by years of wrathcAlg and 
wind erosion. Much of rhe load h dropped to form alluvial 
fans and “deltaic “ deposits in from of the mfttmiains or eaearp- 
mmt$ ? as the carrying power is reducer! by loss of gradient m 
by seepage. Choked by their own deposits the streams %\x\>- 
divide into innumerable clminrh and spread out late rally 
across iJir plain, which thin becamrs centered with a ve ne er of 
fine sediment, ll e lir rain t.db ^vtr the yeuslc shipc* of a 
depression a dud Imv shrci-lkiori may carry a mud How towards 
ilie centre. If the %va*er readies the centre before it Is lost by 
further seepage and evaporation a temporary fake is formed* 
l here the dissolved material n concentrated by evaporation 
and finally deposited to form salt mud* or glistening while 
sheets of rock sail 1 gypsum, and other salis r In w v %tent America 
the resulting alluvial plain* ikre called and the more 

sahne tracts are riktingimhcd as wlinns (Hale fife). As only 
the finer drbris is exported by wind, and nlt-tn trusted 
surfaetw oiler considerable mrii since to abhition, the lower- 
iug of the surface by wind erosion is a very slow process 
whkh does not everywhere succeed in keeping pace with 
deposition* 

If the alluvium increases in thickness it extends up the 
valleys and encroaches on the wind-swept and flood-washed 
rock slopes that lead up to the spurs and diffs of mountains 
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and racaqiinmite. So long ^ more material is brought in by 
streams than is removed by wind the depressions oiitdmic to 
be filled- ti h doubtful whethtr iliis r:m happen in the hear! 
ol the licscrl, but it certain] y takes place in semi*arid n.giuu 
like the Great Basin fpai *l 42*1}, and it milM lisivr otentred in 
Lite present dattU yfim\ the rainbiJJ w,i-: Ii«s> m anty that! now. 
In any case, the low ‘twdli bclwi-c-n adjoining basil r ,i\tr d toner 
or liitrr worn) dutvn, and the spreads u| alluvium eh - idually 
extend from one depre^lon to smuttier, thus becoming united 
Mb m vaster plains. 

A striking feature of desert and semi*arid landscapes is the 
mdden change of dope which is maintained as die edges of 
t he n pla nth arc worn back fay erosion . IT i c sf c »pc* of moon i nns 
and cscarpmenis and the walk ol the wadii arc kept sleep not 
only by wind abrasion at the base, but also because stream 
erosion, when it doc® occur, h mainly lateral. Near die head* 
of gorges and wadis the race floods Utah on* die loose material 
and cut into the bedrock* bin lower down ihr main channel h 
blocked fay debris, and the ruiti-r tike ri but ark-;, diverted to one 
tide m the other, undercut (he wall* ( Pbtr (£), Another d j 
uhu fa h locally intjiort+int is that rain hilling ok a pi, mini of 
|>m iou* mb mab through them and feeds Intermit tent 
springs, at the foot of the bordering cliffs^ which are thus again 
sapped away at tiicir base, Muanwliilc, the recession of ihc 
upper alopc-s is Otimdy alow, because disintegration is very 
slight compared with ihc effects oi’ weathering in humid 
regions, f bus the typical wadis .inti desert gorges come to have 
broad flat floors and strep Miles,, rising in terraced siejw to ;t 
vertical fip. NW their moutliv they open om into illuvial 
tajis winch slope down to ihc plains, Between neighbouring 
wadis the plateaus rise by similarly abrupt - litis and terraces, 
cerm ponding to the varied resistance of the truncated strata. 

, ^.SSv® ol toUtrming soft beds, as in the tabteiand of 
i Ur *uU Kibir in ihr south of the Egyptian oases, ilir osuinu 
m:i>' hr by a single hold and precipitous escarpment. Between 
die 'dim and the feather edge of ihc alluvium there is generally 

f ?' J1, lv sloping rock surface for which the term , pediment has 
been proposed. 
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DEVELOPMENT OI L DK5EKT LANDSCAPES 


Thf < -Vt i.f <»■ Ehosion in Ann> Reckons 

There is mil considerable doubt regard in g the relative 
importance of the effects of wind and water in tlic desert. As 
we have seen, ill ere have been marked fluctuations of climate 
in the not very distant past, and certain desert features, such 
as the larger wadis and the extensive deposits of former lakes, 
could hardly’ have developed under the parching ccindLti.m. 
of the present day. Such features are therefore shared by die 
landscapes of both desert and semi-arid regions. The following 
outline, though brief, will sene to indicate how the processes 
known to operate in the desert could ultimately reduce any 
given land surface to a desert peneplain. 

The arid cycle may be supposed to begin on a region of 
uplands and depressions, determined, let us say, by earth 
movements. During the stage or youth each basin is separate 
from its neigh hours. In the uplands short intermit lent -(reams 
ciJL gullies and i-iviiio which develop into wadis and canyons. 
The rock-waste it not carried off to the sea, but is spread over 
the depress tony, turning them into sandy plains passing inwards 
into salt-cemented play as. By erosion the slopes of the uplands 
gradually recede, leaving narrow rock pediments in front, ami 
the tipper surfaces arc slowly *. irn down, ftv accumulation of 
alluvium the basins are lilted up. Omsccpirntly ihc general 
effect is towards levelling, although, as already pointed out, 
the contrast of cliff and plain never ceases to remain sharp. 
Moreover, offsetting the reduction of relief, new hollows arc 
excavated by the wind, and dunes begin to grow and to migrate 
horn the sources of sand supply. 

The stage of maturity may be said to be reached when lire 
lower basins Itegin to tap the higher ones by voile vs u hjch have 
attended headwards. 'I he deposits of a higher basin mav 
develop into typical badland topography as they arc eroded 
away. Neighbouring basin:- thus gradually coalesce into more 
extensive twna which for the m<wt part are almmt perfectly 
flat plains, with tracts of mosaic pebble-pavement and vast 
sand wastes and chains of dunes, Meanwhile the uplands are 
dwindling away, and their remnants, flanked by outlying 
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buttes, rock towers, a ml pi oracles, rise abruptly from broaden¬ 
ing pediments which slope down to the plain* (Plate (34), 

As the uplands are lowered the rainfall decreases still 
further, and lesk and less new material is contributed to the 
plains by running water. Wind action then becomes pro 
dominant. The general lowering of tile surface hy deflation 
and abrasion proceed* with little or no interruption by sheet 
floods and mud flows. This stage mark? the beginning of aid 
agt* The shrinking uplands are mini bads, leaving increasingly 
widespread pediments, diversified by clustered or isolated 
rr&kitial knobs and peaks, the most spectacular examples being 
the insclbergs developed from resistant masses of granitic and 
gneiss it: ruck*. L'nlii the cycle is interrupted by earth mo Ye¬ 
menis or a change of climate. wind erosion continues to lower 
the surface towards the base level fixed by the water l able. 
And so the region is reduced to a peneplain of roi k, desert 
pavement, and sand, the only breaks in the mojiutorujui land¬ 
scape—apart from barchans and Seif dunes—’being provided 
by residual domes and occasional steep-sided relics of the more 
persistent iiudbrrgs. 

Tlie most remarkable examples if the nld-agc in*, el berg type 
of Jamfscapeixc ur in c trrtaiii regions of AJHca (e.g. Mostainbiqac 
and Tanganyika territory) where the present climate is one of 
well marked wet ami dry* seasons. Precipitous, smoothly 
rounded peaks, isolated oi in detached groups, rise boldly and 
abruptly above the forest, like islands above a sea of vegeta¬ 
tion Pig, 144). For this reason they have Ijceit called instibrrgt 
'.island mounts). Other examples, only a little h*** spot tacnlar, 
occur in the semi-arid regions of South-West Africa, Northern 
Nigeria (Plate Hua), and Western Australia, and in the Arabian 
de ert, everywherr carved m( of tin more rcsulunt granites 
and gneisses. 

The niimiindlng plain or plateau is more or less uplifted 
plain or plateau nf ihe pediment type, with only a thin covering 
ol soil, tauil, grave], or lateritc, according to the nature or the 
prrarjM-tLq climate, An insclberg is clearly a special type of 
monad nock page I hip, but it differs from the latter, as de¬ 
veloped in the humid cycle, in its astonishingly sleep sides and 
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in tin- abrupt transition— by way of a sharply concave bend— 
to the surface of the prcilmcni. Tins contrast suggests that the 
iiKrlbcr-g landscape of eastern A&b may not have developed 
tuirlcr present-day conditions, but is more likely to be an 
inheritance from a time when the climate was arid or semi- 
arid. CertainJv the hiiidaupr is a very ancient one. In some 
Coastal districts die pediment n, utilities beneath a cover of 
Jertiary ur Cretaceous sediments, There hit* therefore been 
ample time for ;l wide range of climatic, conditions. Wherever 
the tmelhcTg landscape U developed, a thick cover of younger 
CinvittoTis must long ago have been removed from the old 
Pre-Cambrian crystalline rocks of which the insdbergs and the 
'nrmuniling pediments are composed. 
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Chapter XIV 


COASTAL SCENERY AND THE WORK. OF 
THE SEA 

Shore Links 

Nearly all coast lines have been initiated by relative move¬ 
ments between land and sea. A rise of sea level (see page 417., 
or a depression of site land, leads to the submergence of a 
landscape already moulded by sub-aerial agents. The drown¬ 
ing of a region of idlls and valleys gives an indented roust line 
of bays, estuaries, gulls, fjords, and straits, separated by head* 
lands, pctiifiiUlas, and olf-lyitig islands. Very' broad bays, 
like the Great Australian iiiglit, result fmm the submergence 
°f plains. Coitijta that have originated in these ways are t :ill«i 
codsis *j subnwgttvt* Conversely, a fall of sea level or an eleva¬ 
tion of the land and adjoining continental shelf leads to retreat < >( 
the sea and emergence of part «f i in* sea floor. As the sea floor 
is essentially a realm uf sedimentation its surface is generally 
smooth, and the resulting roam of tmtrgerue have correspondingly 
Simple, broadly flowing outlines. Other varieties of coast line 
include those determined by vulcanic activity: (4) faulting,- 
[ c ) glaciation ; and (rf) the growth of coral reels and atolls, 

I lie general outline) nf a newly fnrmed coast are soon 
modified by marine erosion and deposition, with development 
oJ a wide variety of shore features and coastal scenery. By the 
incessant pounding of waves, which break up the rocks and 
wear back the clilFs, tltc sea cuts its way into the land like a 
horizontal saw. The liberated rock fragments arc rounded by 
innumerable impacts and continual grinding a* the line of 
breakers U carried t Hick wards :md forwards over the foreshore 
by the ebb arid flow of the tide. The worn-down material is 
supplied to currents which dispose of it . together with oil the 
products til I and-waste brought in by rivers and glaciers and 
the wind. Mm I; of the sediment is curried into dcejwr water 
before it comes to rest out on the sea floor, but some is drifted 
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along the ihorr In wave ami airraid, to form shoals and 
brai lies, ami 10 build up bars ami spits wherever the 11 .liii- 
porttiig power tt i linked. Sheltered iuleli thus barred off I'n rn 
the mm In- lung embankments cl sand pud shingle become silted 
up. In this and other ways {r.£. by the seaward growth of a 
delta) new laud is added to the fringe of the old in partial 
compensation for the losses suffered elsewhere. 

I lie waterj or the seas and oceans readily respond by move¬ 
ment to the brushing of the wind over the surface ; to varia¬ 
tions of temperature and salinity ; and to the gravitational 
attraction of the muon and sun {combined with the earth's 
rotation)* The work of erosion, trnuq.Hirt. and depuration 
carried out by the sea depends on the varied and often highly 
complex interplay of the waves, currents, and tides that result 
from these movements. 

ft may be noted in passing that lakes, especially the larger 
ones, behave in modi the set me way as endowed seas. In 
COtiii’f|ueiu:e, iIk rhore features of lakes and seas have much 
in common. A lake formed by obstruction (r.jf, the lava- 
dammed Lake Kivu, p. 43ft. drowns tin surrounding land and 
so acquires a shore line of the submergence type. A lake w hich 
has ihruiik from its former extent in response to climatic or 
other changes the Great Salt Lake of Utah, p, 424) is 
margined by flats and terraces of sediment (Plate 03a), and so 
acquires a shore line cTthe emergetiee type. Tides are negtigiblr 
iu lakes, but seasonal varisuinns of rainfall may cause die water 
to advance and recede over a tract of shore which h alternately 
covered and exposed, though less frequently than the tide* 
fi\vcpi foreshore of a coast. Waves and currents d|wrnif 
exactly ai in Lind-forked seas ol similar extent and depth, 
and arc rc^xmsible for erosion and deposition oil a cone- 
scale. Mi err are, of course, important biological 
contrasts. The swamps into which shallow lakes degenerate, 
with their luxuriant growth tit aquatic vegetation and acc.uimt- 
liiiions of peat, arc very different Ifom llir mangrove swamps 
and tidal miirshn* dial locally border the sea. On the other 
Jlaml. lake dioro have nothing U< lie i-mi pared with the corn) 
reels or tropical seaa. 
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Tides aw CjriufcEHTS 

The tide is the periodic me dimi Hill of the sea which, cm 
un average, occur every l- hours '2i\ minutes, Tide- are 
essentially due to the passage around the earth, as it rotates, 
of two antipodal bulges of water produced by the differential 
attraction of the moon and sun. It is easy to understand dial 
die water lac jut the moon should bulge up a little, but il is 
less obvious why dicre should be a similar bulge in the opposite 
direction on file other side of llie earth. The basic of the 
explanation is that the water cent red at A [fig, 145) U attracted 
toward:, the moon more than the earth, centred at L, while the 
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earths in turn, i* an rAGtivd more than the water centred at B. 
The water at the far side is thus left behind to almost the same 
extent as the water on the near side is pulled forward. From 
places such w C and D the water is drawn away and low tide 
results. As the earth rotate?. cadi meridian ouins iu turn 
beneath tlir positions <>f high and low tide nearly twice a day ; 
not exactly twin-, tmcausc allowance must he made- for the 
forward movement of the moon. 

The effect of die sun is similar to that of the moon, but 
considerably less powerful. When the earth, moon, and sun 
fall along the same straight line, the tide-raising forces of sun 
and moon help each other, and tides of maximum range, 

279 










COASTAL SCIFNERY AMD THE WORK OF Tltt SEA 


known as ifiring tides, result. When (lit- sun and moon are At 
right ancle* relative to die- earth, the moon producer high tides 
where die sun produces low tides. The tides are then |«3 high 
and low than usual and are cal Its! map tides. 

In the nj>cii ocean the difference- in J C vd between high and 
low tide Is only a tew feet. In shallow seas, however, and 
especially where die tide h concentrated tictween conv ergin g 
shores, ranges of 20 to 30 feet arc common and tidal currents 
arr genera red. A Current nf 2 miles an hour accompanies 
the inflowing tide as ii advances up the English Channel, 
In the ftristnl Channel the spring tides reach a height of 42 
few, and give rise to a current of 10 miles on hour. In extreme 
cases, such as the tatter, where the tidal stream is crowded into 
die narrow end of 3 shallowing funnel, the water advances 
with a wave-like front of roaring surf which b known as a bore. 

Near the shore inflowing tidal currents are often sufficiently 
powerful to move shingle and so to scour the bottom and 
transport sediment inshore or alongshore. The complementary 
outflowing currents of the ebb tide are less effective as eroding 
and transjwriing agents, because they start in shallow water 
and advance into deeper water. Pebbles and sand are left 
behind, and only the finer material is drawn back. In estuaries, 
where the outward flow of river water it added to the chit 
current, transport is dominantly seaward. Hut since the fresh 
river water, carrying a load of sift and mud, tends to slide out 
liver the heavier salt water which has crept in along the bottom, 
it is the upjict suspended load that i> muinly swept out to sea. 
while the coarser debris is stranded and tends to accumulate 
as sand bars, 

Currents of a convectirmal type arise ns a result of variation* 
in the density of $e» water, brought about to a very slight 
extent by heating in tropical reruns and cooling m polar 
regions, but far more effectively by change* of salinity. Sm h 
changes depend on fn) inflow of rivers, rainfall, and the melting 
" ! L f* ™ ,,f vvilidl frcfboi Uur water ; and (*} evaporation, 
which increases the salinity, Thr dissolved salts in sea water 
have the following average composition, corresponding I0 a 
salinity of 35 : 
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Evaporation over dir Mediterranean lowers its surface and 
Increases eJk- salinity and density. Surface eurmits therefore 
ilovv into the Mediterranean through tin- Omdandtr. from 
tin: Sea of Marmora and the BJu< k Sea 'wln-re the evaporation 
is more than neutralized by the inflow of rims), and through 
the Straits of Gibraltar from the Atlantic Fig. Urt). J n each 
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ease undercurrents or higher salinity flow outwards from the 
Mcfiiterratican along the bottom. Shore deposits arc nffaxted 
by the surface cuntmi, white in deeper water the fluor h 
scoured liy the bottom current, A similar interchange of 
wairr takes place between the highly saline Red Sea ami the 
Indian Ocean, and also between the comparatively fresh 
Baltic and the North Sea. Since Lluj Its* < a linc and lighter 
siater always tends to spread over die more saline and heavier 
warcr, tile surface current flow* in all cases towards the region 
Of higher salinity, while the bottom current is in the opposite 
dirceliou. 

The prevailing winds and the configuration of the conti¬ 
nents determine the superficial but gigantic eddies wfckh 
constitute r he main currents of the oceans. These have m»< - 
worthy dimatic and biological cl facts, but are otherwise or 
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little geological importance, In the vianity of tend, however^ 
the current* due to wind drill contribute to the general move¬ 
ments responsible For du*re-line proceases. 


Waves 

Apart from tidal zfici is and acadctitiil dhttirhiinees of tJbc 
sea associated with faiihtpiakes and volcanic eruptions* waves 
are: entirely due to the sweeping of winds over the >urfaec of 
die water. The surface is thrown into tmrfulnlions which 
move forward and gradually increase in height and speed, 
rite height of a wave is die vertical distance from trough to 
crest :Crft in Fig, 148), Hie horizontal distance from crest 
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to crest—or from trough to trough—b t ailed the i*;®* frng/A. 
The height ultimately attained by ft wind-driven wave, where 
it is not restricted by tShowing water, depends on the strength, 
duration! MM&jhkh at tin- wind* the fetch luring the length of the 
open stretch of Water an . which the wind h blowing. When 
the Ia*i of energy 1 involved in the propagation of die waves 
throngh the water it just balanced by the amount of energy' 
supplied front the wind, the height reaches its maximum. At 
\hh limit the height in fret is* numerically, roughly half the 
speed of the wind in mile per hour. In the open ocean heights 
of * to lA feet are common, increasiug to 40 or m feel in severe 
storms* I he corresponding wave lengths range from 20U to 
700 fret, and the sprrds from t>0 to tfti mile* p r hour. Waves 
may travel Into ftgbra of talni weather far beyond iUc letch 
of wind in which they were generated, thus giving rise t' « a 
gftmntiswiiL The L ’ Ii n waves of a grounds wtil gradually 





WAVE MOTION 


flltien out relative to the 11 forced M way** of the high seas 
from which they spread, arid wave lengths of 1*0Q<) feet or 
more are then not uncommon, 

ft is important to realize that in the open sea—apart from 
wind drift—it h only dir wave form that moves forward, not 
the water itself Each panicle of water moves o pi hi d a circular 
orbit during the pottage of 60ch complete wave, lIic diameter 
being equal to tJie height of (her wove (see Figs, J 47-14#). This 
is detaunstralcrd by the bohoyfnur of a floating cork under 
which a train r>f waves is passing* Each time the cork rises 
■Hid falls il abu sways to and iro t without advancing appreciably 
fmm its mean position* Such wave* are < ziEh'd tmtev£ of &$eilh- 
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If the wind is strong, however, each water par tide 
advances a little farther than it recedes. Similarly, in shallow 
wtifer, where friction against the bottom begird to lx- fdi, rm-h 
particle recedes a lit tier less than it advance'. In both cases the 
orbit, instead of bang a dosed circle* then tesembb an 
dlipse which is not quite closed anti the water therefore slowly 
drifts forward in the dim tfon of wave advance. 

When gvms <>f wind brush over a field of com the stalks 
repeatedly bend forward and recover, and waves visibly 
spread across the surface. Here it is obvious that the wave 
motion is not ri infilled to the outface, since it t.- shared bv the 
Stalks right down ro the ground. In the same way die energy 
contributed by ihr wind to a body of water b transmitted 
downwards as wdl as along the surface. Owing to lrirtinn 
the diameter- of the orbit* rapidly diminish in depth until .it 
a depth of the same order as tin wave length they become 
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negligible. The great cat depth at which sediment on the 
sea Hoof c&n just be stirred by the rKirtUating water h called the 
wan ftrij 1 /. In shallow sea$ and «7n the oiptiucntaJ shelf* where 
the depth n>f water a I™ than this [nr, less than a bum GOO feet), 
pebbles, sand grains* and mud panicles can thus be kept moving 
until currents rob or waft them lo depths where llirv remain 
at rest, undisturbed by wave action. Off Land'* End Hone* 
up to a pound in weight are sometime! washed into lobster 
[ mwls at depths of Jw to isflu Jen, Mud particle may even 
be kept on the move until the) 1 are quietly dropped over the 
edge of the continental shelf. 

Agiratiuuof thr (lour involve* friction against the bottom. 
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;unl ill comttjittiu e, as the water si ml Iowa, the waves in front 
.tH 1 rcUmlfll ^lid the wave length decreases, For ibis reason, 
as a wavt approaches a shore line obliquely its crest line swings 
towards parallelism with the shore, as shown in Fig, 14(1. 
The effect of wave retardation off an indented coast is illu- 
(rated by Hg. ISO. Mir watts advance more rapidly through 
die deeper water opposite a buy titan through thr shallower 
water opposite & headland. Thus ihc crest «f a wave at a 
moves to a', while the crest at i moves only to b\ The wave* 
l | llts curvo! ,JI "Mtsit, again toward, parallelism with 

uie 'Awvc !iiip, CntiseqtirtuJy, when the share Ls reached by 
a wave nidi as a b . dr, all the energy from the long stretch tic 
K “menu rated on the headland AC (and that from tt on DE). 
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WAVES AN’E BREAKERS 


In contrast, the very much smaller amount of energy from the 
short stretch ed is spread around the shores of the bay from 
G to D. Thus, while headlands are being vigorously attacked 
by powerful vnivts, the bays are not unduly dhiorbed and 
thdr waters provide safe anchorage for vessels sheltering from 
a storm. In the same way w,iv« cim ring a harbour between 
the pirn spread out and merely niflflr the water inside. 

W lien a wave reaches the foreshore and enters water of 
which the mean depth is about the same as the height of die 
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of hrc* apptt»trhlru{ liny. and hc-i, ti Jiiui<, ibcreOI^ llir ciHirniitatioii 
uf « .ivr ennjy «gaiial tli* lir-atlUocb Amt U= dlflinifm oruutiil thr iboarxof tbe lmy» 

wnvc > it becomes a breakir. The amoinit of water in fount 
•icing in sulfide iu to complete the wave form, while the orbital 
motion si ill continues, tbe crest is left unsupported and plunges 
over. 'I Lc surface water then surges forward us a turbulent 
sheet of surf. The am* of oscillatim lias passed into a wart of 
irawlatim. It is the buddy advance of the water in this kind 
of wave that mate* surf-riding possible. The final vprmh or 
swash on a shelving ix-ach is followed by a backwash, as the 
water returns down thr slope. 

Surf waves pile up the water against the coast, and onshore 
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current.-*, especially the drift maintained by winds blowing" 
strongly tiywaniri the bore, have the same el3rt:i. I l±k tendency 
to rabr the level is counterbalanced by a eo111 p c usu tii ig 
current, called the #ndtrtom % which Oowi along the bottom 
away from ihe shore* [ h& undertow h a fm! ..ittng L urrrnL 
coming stronger under the wave tmugjta, where it h re info n rd 
by the orbha! motion of the water + and cam-spondmgh weaker 
under the tresis It afcu tends to I ^concentrated along hidden 
depictions on the sea Ihr undertow is often a somre 

of serious peril in bathers. 


Marine Erosion 

The wa ^peTatfts as an agent of erosion hi Ibitr different 
ways: 

ia) by the htltatdit adm or ihe water itself, involving the 
pii. mg up o( !<*>«; material by run-ents and waves, and the 
shattering or rocks m the waves c rash, like giam water-hammers, 
against the diHf , Plate tltU) ; 

t- by cemsuoit, when waves, armed with rod; fragments, 
hurl t i cm agid^t the elite and, compearing with currents, 
drag them u> and ire, naou the rocks of the foreshore ; 

i<i by aUpikn. as the fragments or “ look ” arc drereudves 
wern. down by impact and friction ; ami 

(dj by wmsim. t’aU Solvent and chemical action, which in 
I ie ease o! sea water is ■ 'T limited importance, except on lime- 


The destructive imparl >>j breakers against obstructions is 
often tar KI cater than is generally realized- The pressure 

J "7 ! ,y A ' blltl(: «*«* average, over imki lb, per square 
foot diirmg the summer, and over during the winter, 

5* ru G T" T' 1 "' !t m ’ ,y even fi,0tXi. Thus, not 

onl> difls, bur afro «. a walls, breakwaters, and exposed light- 

' llV ’ 4 " - r ' tr ' ' ll0tL °f vnormous in tensity. Cracks 
and rrcvKH-v arc quickly opened up a,.d extended. Water is 

iSit.'H" m \" **"? °P""*»*• tightly comprearing the air 
tonfim-d wjth.tt ,|,e rocks. As cadi wave recede the corn¬ 
eas 
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pressed air suddenly expands with explosive force, and large 
blocks as well as small thus become loosened and ultimately 
blown out by pressure from the back. The combined activity 
uf bombardment ami billing tit most effective as a quarrying 
prom* on racks tlm art already divided into blocks by 
jointing and bedding, or otherwise fractured, t m g* a lung fault* 
a ml crmh-zorii^ 

CliflSt orjginaie by ihr undercutting action of waves against 
the slopes ol the coastal land. By collapse of the rocks over¬ 
hanging the notch which h excavated at the have of the cliffs, 
the latter gradually recede and present a steep face towards 
tlir advancing sea (Plate Gsral. But where the dUS are pro¬ 
tected for a time by fallen debris, and especially if they arc 
composed of poorly eon»lidated redo, the upper slopes may 
be worn hm k by weathering, rain wash, and dumping* At 
any given phiie the actual Form of the cliff depends on the 
nature and mnicture of rhr racks there exposed, and on the 
relative rates of marine erosion and subaerial denudation* 
Since 1 litre are few stretches of coast along which ihe rocks 
are equally resistant, coasts are generally wont back with 
pronounced irregularities. Caves are excavated b bdts of 
weakness and especially where the rocks are strongly jointed, 
By subsequent roof collapse and removal of the debris long 
narrow inlets develop. In Scotland and the Faroes ^ucih .4 
tidal inlet (Plate 67 a] is railed a qta \ €i g %t hard-—Noree t gya f a 
creek)- A cave at I he landward end of a geo—or indeed any sea 
cave—may eommunirate with thr surface by way of a vertical 
draft which may be some distance from the edge oT the cliff. 
A natural chimney of tins kind (Plate 67it is known as a bt&w 
hafr or gtwp (a Thrown The opening is farmed by ihc falling 
in of joint blocks loosened by the hydraulic action of wavc- 
compr^v.-d air already described. The name blowkt*U refer? to 
tlir hu t that during '-tarni- -pray h forcibly blown into the air 
each lime a {framing breaker surges iluuugh the cave beneath* 

VVlim two caves on oppndlr .sides of a headland unite, *t 
u.iUiial *ir . h results, iml m; finii i fur a lime {PL;r "-v.. 
Later the arch I itL in, and die seaward portion of the headland 
then rctnaim m an isolated itark j Plate Well known 



ho. i n i 1 

llic NWlr\ |*k of U’jftil. Starki ctlt in Chalk 


r\ : 







Flu- 

O ttaty*. A *** 4iro , d Red ^ trtf ^ 

*“* a P klfira WftWl (he mndatoiie lie ttUMfontufaly 

asa 











ri_ATi to* 




< :OAST EROSION. i:\V\HSlSs 




FLATf <10 



i t+ , , r ILM, G&t* S*inrY 

fA) W4HT-CUI plAUWni cut urn.,, .v ¥ :iict M |jy foHrd MluriuH 


AMj'« Hnuf. Ilcra-i-cLiluit 


*ir Am* Itrar 



IV- Ch*]V illlh, ihfmitue tl ry vaHrtu 
VVjur-mi |sSiufL^ui 4 jjiI ^fiin^Lr Ih-ticIi 


coast erosion 













StiQMt PLATFORiO 


example* tif stacks arc the ('h.ilk pinnae Its ai the vvcsicrn 
extremity of the isle of Wight known .is The Needles Fig. 151}, 
and iht impressive towers of Old Red Sandstone in the Orkneys! 
one of which, ISO feet idgb, is called the Old Man of Hoy 
fFig. 154), 

A-i the cliffs arc worn bark a iwiv-mi plmfom ii left in 
front [Fig, 1 S.ij, the upper part of which is visible as the rocky 
foreshore exposed at low ride .Plate HO), There may hr 
patches ol sand and pebbles in depressions, and beach-like 
fringes strewn with fallen debris along the Hunt nf the Jiffs, 
hut all such material is continually being broken up by the 
waves and used by them for further erosive work, until finally 
11 is ground down to sizes that tan be carried away b\ . urrents. 
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riu^fuwuaiic mx lion iliowitu ;> stage in U.e <lrvefcrpmmi tc* cliff, wanx.it 
pLnJurni, utki wavy^bttilt i]iun>b.f« tctrace 


\\ bile all this is going on die platform itself is liehig abraded 
as debris is swept to and fro across fo surface. Since the 
outer parts have been subjected io scouring longer than the 
inner, a gentle seaward slope h developed. In 'massive and 
resistant re «;b ibis, is .m extremely dow process. Consequently, 
ns the cliffs recede and the pin (form becomes-very wide, the 
W’ava have to cross a broad expanse of shallow water, to that 
when they* reach the cliffs most of their energy has already 
l*’en dissipated. Thus the rate of coast erosion U automatically 
reduced. In high latitudes, however, the cliffs may still 
continue to be worn Inn k by frost and thaw, provided that the 
waves are able to remove what would otherwise become a 
protective apron of* rec. The wav«m platform off the rocky 
coast uf west and north-west Norway—there blown as the 
ittoiutfiai —has reached an exceptional width by this co 
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Operation of processes, locally up to as much as 37 miW lc 
no'v sunds dish fly altove the present level • I Krause of 
miiii tit static uplift) and innumerable Clarks and skerries me 
above it surface (Fig. !S4<. 

On the nilier hand, il the tei is encroaching on a coast of 
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Sea 




MAJUXE EJtO&loX A Nil DEPOSITION 

poorly consolidated rocks, the platform in from is much more 
quickly abraded and imnual > oast erosion prr«:«rf!' vigorously 
'Plate hi -Pint lucidities ihr inroad' of the .era reach 

; ming proportions Thr most serious loss of bnd in Britain 
is suffered Along the Yorkshire coast south of Flam borough 
Head. V. here the w ll-. n haw ti=- easy task of demolishing glacial 
deposits of sand, gravel, and boulder clay. Since Roman 
time? this Ma-milr stretch uf coast has been worn back Sf or 
a miles, and many Villages and ancient landmarks have been 
swept away ilig. loa , During the last hundred years the 
average rate of cliff recession has lieeii 5 or ft feel jur year. 
The rare is not uniform, however. Ibr severe storm* and loeultaed 
cliff hilt:: do m<<[c damage in u shun time than b otherwise 
accomplished in several average years. 


The Profile or F.qint jbrium 

In appropriate dreanwtances some of the sediment in 
tramii across the wave-cut platform accumulates in the deeper 
water beyond, to form a sharefatt tmm which grows forward 
like ;i broad embankment with its upper surface in smooth 
continuity with the platform. The combined shore and off¬ 
shore surface in this ease, as in others; is a product of the joint 
action of eroriott anti deposition, each of which varies con¬ 
st dernbly from time to time and from place to phuc. The 
supply of sediment, Tor example, is irregular both in me and 
distribution, since contributions are received from rivers and 
current* as well its from cliff wastage and platform abrasion, 
all fluctuating *otirccs of income, The processes concerned 
in die removal of sediment— also widely variable—are them- 
selvrs largely controlled by the dope iff the shore and its sea¬ 
ward Contittna lion—that is to say, by the profile of dir surface 
taken at right ancles to the dime, A relatively sleep slope 
favours removal of sediment from ihe landward side, so that 
the slope becomes less steep. Conversely, a relatively gentle 
slope favour, beach deposition on the landward sjdr, so that 
the slope become* steeper. The surface L* <!u rrfore being 
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continually modified, arid in such a way that at cadi point U 
tends Up acquire juu the right dope to ensure that incoming 
supplicn of sediment cm be carried :muy ;« fast .is they arc 
received. When the profile is sn adjusted that this state ol 
balance is achieved, it is called a ptofih oj rt;n\Ubrium, 

For every set of conditions there is an appropriate profile 
of equilibrium and, as the conditions vary, so the actual profile 
is modified to keep pace with them, generally by fluLtuatious 
about an average which is fairly stable. 

Along a shore of submergence the slope of the initial 
surface may be other steeper or gem In than that of the ideal 
profile of equilibrium. Suppose Aft in Fig. I mi represents a 
strep initial dope, lit transforming this into the profile of 
equilibrium CD, the waves cut a cliff-backed platform and 
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wear it down by abrasion, and the resulting sediment is de¬ 
posited as a ahoreface terrace, as already illustrated in Fig, 

Jf conditions then change so that the profile already in existence 
{til/ in Fig. 167) is less steep than tlic new profile of equilibrium 
Ctl, then the platform it built up by deposition of sediment. 
Hi us it com monly happens that a wave-cut platform ts partial ly 
or wholly covered with a veneer of ljearh material. 

N- xt, suppose ah represent', an initial slope that is relatively 
gentb'—.is when a broad valley becomes a hay by submergence, 
in iratt-lormiug this into the profile of equilibrium cd t waves 
and currents build up a french around the shores uf the bay. 
initial surfaces that may be almost flat are provided hy tlic 
drowning of extensive alluvial plains, and on a still more 
widespread scale by uplift of the sea floor. In these cases, as 
described on page 3<M, barrier beaches, called nphon hart, 
begin to develop f.u from the ill-defined mainland, and locwe 
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sediment from the sea floor is driven landwards, As the waves 
lose energy the sediment is deposited long before the shore is 
reached, and thus (lie submarine foundations of an efikirrt bar 
are laid. The furl her development of these const ructions is 
described on page* 304—b}. 


Transport ash Deposition Transverse m run Shore 

[.raving the longshore drill or sedimem to be Considered 
later, let Us now review tin: actual processes that control the 
Seaward and landward mill ration of beach and terrace material. 

In bays where the bubal slope is gentle, the landward 
currents due to tramhitury waves and inflowing tides .lie at 
first more effective on balance than the weak seaward currents 
due to undertow and outflowing tirJrs icf. page lititl). A beach 
is therefore built up to the equilibrium profile. The uu#t 
obvious fond ward movement b seen when the upmsh of a 
breaker avcejis a mined assemblage of .'edimoni up the beach. 
Some of the coarser material, often in dueling cobbles and 
pebbles, is left stranded at the top, while the rest is dragged 
back by the backwash. Storm waves at specially high (hits 
thus build up a coarse i/nm bt&H well above the reach of 
ordinary- waves and tides. Once the heads profile is adjusted 
to average conditions any additional supplies of sediment are 
removed, ritbri by seaward currents which turn- have the 
advantage of gravity owing to the steepened slope) or, when the 
sand is dry, by wind. 

II the prevailing winds drive the beach sand landwards 
to Form a belt of sand dunes, the profile is restored by com¬ 
pensating additions from the sea flour. Such landward 
migration is convincingly demonstrated by thr existence l 
beaches and dunes that are largely computed of ground-up 
shells that could only have come from die sea floor. Excellent 
examples occur ill St, Ives and Pcrranpurih along the north¬ 
west coast of Cornwall. 

The undertow, assisted by outflowing tides, carries sand 
and finer sediment seawards, and very (urge quantities may 
be scoured away bom the beach when onshore gales raise die 
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head of water against the coast, and so maintain a powerful 
undertow. During sudi storms beaches Income thinned and 
considerable patches may be entirely removed for a time. Hut 
gradually die beaches arc built up again, restored by waves 
and currents, including .shoreward undercurrents set up by 
offshore winds which lower the head of water against the coast. 
Beach growth is thus particularly favoured by gales blowing 
offshore, It should lie noticed that the hydraulic currents 
along the sea floor always transport material in the direction 
opposite to ihai of ihe wind. 

Interference with the natural profile by offshore dredging 
may increase the undertow to such an extent that the beach 
is withdrawn until die artificial depression is GUrd up. In 
18tt6, (or example, dredging was started off the coast north of 
Slait Point to furnish diingtr fur use in the harbour works 
at Plymouth. As a remit the beach at Halfeands betraii to d»- 
appi^r, dill erosion became an ever - increasi n g menace* and 
in l!‘l? the village iter]I was washed away, 

t.flt headlands the sea IInor often shelves comparatively 
steeply to liegin with and the seaward currents arc the itmre 
effective dots from the start, a strong undertow bring favoured 
both by wave concentration and gravity. Figs. 153 and (H 
illustrate the results. The boulders and large pebbles that 
renuiiii for a time under the cliff* are steadily reduced in size 
muil they are sufficiently ground down to be removed. A 
siLinglf beach is simply a transitional stage through which the 
larger fragments of clilF debris must pass before beginning their 
seaward journey. 

Ultimately the offshore slopes, though fluctuating from 
litii* to time, everywhere become adjusted into approximate 
rrjutlibnuni with tlic locally prevailing conditions. There it 
then a slow seaward migration of material llt dir exp-use of 
the wasting land- The transitory cmincr debris is conwi* 

1 rated against the land, wfrilr the finest paruuU'A Lire swept <iUl 
to sea, with much to-aud-fro movement on the way, until 
each m trim passes hr vend die ranee of wave und current 
action and luids a resting-place, either by burial or by bring 
swept over die edge of the continental shelf. There k always 
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a tendency fur some of the material to be carried to a depth 
from which if cannot lie returned, because gravity assists the 
outward and hinders die inward movements. Moreover, the 
eurretils and wave oscillations rapidly weaken as die depth of 
water increases. It therefore follows that for each intermediate 
depth on the continental shdf there i* a particular size o! 
particle that is just too large to be returned landwards, Thus, 
during the outward migration of grains and particles of varied 
sizes, each -size in turn, bom lu^c to small, lends ultimately 
to come to rest. There is inevitably a certain amount of over¬ 
lapping of sizes, owing to variations of movement along the 
sea floor, and also because at any depth finer particles may be 
t rapped in Lite interstices of the coarser material, so that sorbin.' 
is never quite perfect. But with tliia reservation die- sediments on 
the sea floor are found to become finer and finer as the depth 
increases ; the full outward sequence taring boulders, cobbles, 
and pebbles ; coarse, medium, and fine sands ; and mud. 
The corresponding consolidated rocks are conglomerates, sand¬ 
stones, and shales nr mudstones. 


Transport anu Deposition alONc THE Short 

Longshore drill of sediment h brought about in two way t : 
hy beach drifting, dur mainly to oblique waves, and farther 
out, by transport due M longshore currents. When waves are 
driven obliquely against the coast by strong winds debris 
is carried up the beach in a forward sweeping curve. The 
backwash may have a flight forward movement at the start, 
owing to Lite swing of the water as it turns, but otherwise it 
tends to drag tire material flown the ilD|>c, until it is 

caught by the next wave, which repeat- die process (Fig. ir.sj, 
By tile continual repetition of this zig-zag prog-- - mud and 
shingle are drifted along the shore. 

The direction of drifting may vary front time to time, hut 
along many shores there is a cumulative movement in one 
direction, controlled by thr prevailing or mint effective winds. 
A subsidiary factor wlikh aids or hinders beach drilling is the 
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ciimnitm f»t ilir advancing I T( k vH ridr. Some of I he transported 
material dropped before nr during ihe slack at high tide i* not 
Carried back again by tin: sluggish beginnings of tin- ebb-tide 
current, f arther out frntn the shore, wherever the general 
configuration of ihe coait h favourable, oblique winds and 
waves co-operate in generating intermittent and ilurttmting 
longshore currents which again may be Mrengtlimed or 
weakened by the sec of tiir tides. Thus longshore drift is by 
no means < nfmrd to the immediate shore line. 

In the English Channel the dominant winds and the ad¬ 
vancing rich* both ramc from the south-west, and the prevailing 
dirrrdnn nT drift is therefore up channel. Along Lhe east coast 
the drift i5 mainly southwards* as there Lhr dTcciivc winds apt* 
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fmiTi the north-east, arid the flood side advances from the 
north* \\ hcrevtrr ir is deemed desirable to protect the coast 
by checking the drift of sand and shingle* barriers, known ai 
iyf T are erected across the beach. Oti Lhr windward side 
Ml a groyne the debris is heaped up, while from she lee side it 
Is washed away* to be retained bi turn by the next groyne 
(Piatt 70 b)* The groynes as a whole interrupt the natuxaJ 
flow of material accessary to maintain the benches farther along 
the coast, Where the beach ca jre starved and drift away, as 
a lesuh i A artificial iiiterfercnce witln the balance of deposition 
and ero-iim elsewhere* the coast is exposed to mom vigorous 
wav*- ai tack. ihm to the east of such places m Brighton and 
\\ nrthitii; ihe wastage of the cliffs has seriously increased since 
the groynes were built to pm tec i these resort >. 

^ hen 'hfirr drift is in progress along an indfluttd cosul} 
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S})it5 and bars ;ire emutnicttd as wril .« beaches- What the 
csxist turns in at the entrance to it buy or estuary the material 
transpirti'd by beach 1 3 rift .uift longshore currents is carried 
irture m ! r ~r» straight nn >tnrl dropped into the deeper water 
bi'y.uu!. J he shoal thus started is gradually raised bto an 
embankment. Ibis ?rows in height by additiniu front its 
bntlw-irfi attachment until a ridge ejf sand ,ji shingle U built 
above sea levd in continuity with the shore from which the 
additions arc contributed* The ridge increases in length by 



Fn. liW 

Dfagnuil fm lUuilmtr iht ffartl»pniP-|!T <jf * huitn) huh hr ihc ntractirm jjf 

-ihliqtzf \v*\-*+ 


successive additions to its end. until waves or currents from 
some Other quarter limit its forward growth. 

It tin* ridge terminates in open water it is tailed a .ipU, 
Storm waves roll material over to the sheltered ride, especially 
when they approach squarely , and some spits thus tend to 
migrate Sand wards, often becoming curved in the process. 
Curvature is also brought attain by the tendency of oblique 
wave tu swing round th.‘ t-frd [i.r. to be refracted) in places 
where tiie m ,. ftoor beyond shdvts rapidly into deeper water, 
A spit m,iy thin be develop'd into a fmk r as indicated in 
Fig, lob. Cmss currents may assist or modify hook ibrmaiiim, 
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but it h clear dial ilicy cannot be essential, lor hooked spits 
art equally < haracttirbtfc along the shorn of large takes where 
tides arc nlssent and current* arc negligible Plate 71a)* 

A good example of a curved spit is Spurn He,-.*' Fig. 1 55), 
which extends into the Humber in stream-lined continuity 
with ihe Hdderness coast. The la iter is almost everywhere 
fringed with sand and shingle lhat drift* steadily from north 
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to south, fresh supplies being constantly furnished by the rapid 
erosion ot the coam. Most of the tnmfipnrlcd material it 
carried beyond Spurn He id p cumbering die ntuary with 
shoals on its way toward* tlir Lincolnshire coast, where it b 
added to the seaward-growing coaual (Lit.*, 

Southward drift in also very active along the emt coast of 
Xm b. j!k an f ! Suffi * 1 k» I cu retitu t i * % ago the Ya n r^ njtb saritis 
had already spread arro&v die tsrttaiy of the Yarc, forming an 
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obstruction which was largely responsible for the stir ini: up 
of file Broads, About the year 10143 a barrier spit began to 
grow to the south, Junking the coast at closely as possible, and 
the river, diverted into a channel between tie mainland and 
the spit, was obliged to extend itself southwards, By 1.147 
the end of the spit and the outlet of the riser had readied 
lawestofl. Since 1500, Iiowrirv, an indicia! muJn hat hern 
m aintain ed at Goricston, where die spit new terminates, since 
thereat of it ha* long ago drifted south Fig. IflO). At Ahletmrgh 
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the longest spit an the cast coast Ims similarly diverted the 
outlet of the River Aide (Fig. 161). 

A fun i s a spit which extends from one headland tu another, 
or nearly so. If the bay inside is completely enclosed it be* 
comes a shore-line lake. Mure usually, however, a narrow 
channel b kept open by tidal scour and outflowing drainage. 
Between Danzig and Mcmd, on the smith Baltic coast, there are 
two very ling ban, surmounted by sand dunes, with extensive 
tidal lagoons, called " halls, 1 ' rm the landward side Fig, Hid). 
A beautiful example of a bar in Iceland is iJ lustra red in Fig. 
ItiK. A similar construction of sand or shingle Connecting a 
headland to an island, or or:r island to another, is ,i connecting 
bar or tombiflo Italian). 
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Uy far the moat impressive shingle bar in Britain is CfacdJ 
Btaitii 1 ig- Hii . For sis miles sotuh-cijAi of lirtdport the 
Bccu:ii fringe- litc shine. Near Abbot! bury the -shore recedes 
and fur the next eight miles the Beach continues in front of the 
lid-tl lag!nut uf the Fleet a a liar well over 2D feet in height. 
Finally it crosses two mites of sea to the “ Isle ” of Portland, 
which is thus tied to the mainland. C-hcsil Beach is a com- 
pmiie structure, its shingle having accumulated From local 
sourvc: tis isdl as by drift from each cud. At the north* West 
end there are pebbles id rocks from Cornwall and Devon ; 
at ihc south-east end muc h larger pebbles have been supplied 
from the Portland promontory (Plate 71a ,, where lire beach 
drift is north wards ; while between time eAtremiries the 
pebbles arc relit- frotn the bud, now eroded away, th.it 
brmcrly stretched in front of the Fleet. Although towards the 
Portland end the Reach rise* to the quite exceptional height 
nl over 40 feet. thr sea sometimes burse 1 ' over it during great 
storms ami poms through breaches into the low-ly ing area 
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beyond. Since two viih^ • wen: demolished in J S2-I, the worse 
disaster of this kind occurred Jaic in 1942, when the railway 
between Portland and Weymouth was partly washed away 
and the lower pans of I'orihmd itself were seriously Hooded. 


Short Lines or -Submergence 

At the present Huy shores of submergence an- the commonest 
types, because of post-glacial changes in sea level. Although 
many coa st ; are actually of compound origin, partial recovery 
from former Mihintrgcmc being indicated by raised beaches 
(Plate tt), on balance they still remain partially drowned. 
Moreover. the occurrence of buried forests locally demonstrates 
a quite recent phase of submergence. If a future change of 
climate led to the melting of the ice sheets of Greenland and 
Antarctica still funher submergence would result. 

Along i oasts or “ Atlantic ” type, that is, where the trend 
lines of an orogcnic belt jut transverse to die coast, drowning 
gives on alternation of long promontories and estuaries. The 
latter arc talk'd ri:i the name given them in Spain, where they 
occur south o| ( :,ipc Finfetene. The souih-wesi t oast of I rtd.md 
(Cork and Kerry) is,* perfect example of this type (Fig. 10n). 
Along drowned coasts of “ Pacifur " type, where the structural 
grain is parallel to the coast, tong islands and inlets following 
the trend tines arc characteristic, as exemplified by the Dal- 
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WafMUl coast ol Ilio Adriatic t ip, IUU;. Whit deeply rut 
{thrtated volleys have been invaded by the sea after the meliiriy 
of i tie f?hcici* a faulty pc of coast remits : Fig. 117;, as described 
already on paije 224. 

'Il.i’ first «ffcci of murine crosklti on a newly formed roast 
of subjiicrgenoe it often to intensify ail the initial irreirulartties 
ol outline. \V hen? the rocks vary in structure am] resistance 
(lie waves pit h out all the dtfihrcncci, Soft and fesnreti rocks 
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are worn back into coves and bays, while the harder md mtlfe 
massive reeks stand out conspicuously, The Dorset '' Aat t 
iiMidi-r as, of Portland vhows thk p™... active operation. 
Herr ilu? re is along coastal strip of soft Lower Cretaceous beds, 
r , * bc landward ,ide by ; .n Upland of Chalk, and 
formerly protected from the *«i by a ci.ntimwu* rampart of 
U ™ npfWffcd Jarassie limestnaet, Thr . t .i bus hreached the 
Ijitcr iri place* and scooped mu the softer forks behind. The 
bun Hole (1 late 7} illustrate the breaching stage, and Lut- 
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worth (love Plan* T«a) « a beautiful example of a scooped-out 
bay. 

Eventually, however, rnm<m ami deposition coopcratr to 
smooth mu all th** intricate outline > of a youthful shore line. 
As the head I amis recede betbre the concentrated attack of the 
waves liic stretches of cliffs become lunger and straightcr. 
Spits and bais bridge across the bays and inlets, and gradually 
encroach upon them as dicy keep in line with the retreating 
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clifSs. Thus protected, the embaymiuts are shoaled up by 
additions front streams on die one hand and from wind-blown 
sand on the other, until with the aid of salt-marsh vegetation 
the coast U built out to coalesce with the outer beach and its 
sand dunes. A coast of smoothly flowing outlines is thus 
evolved. Thereafter the shore fine continues to retreat as .1 
whole, and finally all signs of the original cm barmen o. may 
be obliterated, at which stage the lengthening r lifts become 
continuous [Plate fihn . 

The barrier reefs and atolls of warm seas where corals 
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flourish an. construction* which have h«n huiti up under 
conditions ol submergence* Coral rerfi, however, ore products 
of life and 3rc more appropriately dealt with in the next 
chapter. 


Smoke Lises ok Emekoence 

Typical chore (hies of emergence are not common at 
present, because they require uplift to an extent sufficient to 
overcome the effects of submergence due to recent changes of 
sea level. FiuLind, for example, is steadily rtghg isoitaticallv, 
and Liie south and xcwtlMwit coasts are fringed with tens of 
diousantU of Uhmh as a result of the emergence of the higher 
panv of a hummocky icc-mntijdcrt surface, Btu id l hough this 
archipelago owes it* existence to emergence it is merely part 
ol a drowned land surface that is now less drowned than 
formerly. 

A Jxaliy typical shore line of emergence is one in which 
the ca floor with its veneer of sediments has lieen uplifted 
to iorrn a nearly flat coastal plain with a smoothly flowing 
dmre line margined by widespread stretchy of shallow water. 

I he Atlantic and Gulf coast* ofthr smith-eastern United States 
and the .Argentine dmre of iiir River Plate arr of this type. 
Ill incur thin cr with the principle illustrated in lig. | t vr |,'k«c 
sediment from the sea flour i- driven landwards in the prmess 
ol Hiltinng ft profile of equilibrium. But here the waves mav 
begin to drag die but tom many miles from the low-lying main¬ 
land. As Uw warn lust? energy in crossing the shiiiluw*, much 
of Uie sedtmmt is deposited tong before the shore is reached, 
nm thm the foundations of a ianitr bark or ,,/Mrre hot are 
Iiinl. How there const ructions cme to have their heads raised 
above waicr (Rg. lfl 7) h not yc( cJearJy ^blishrd. An 
orduiaiy storm beach is formed ,u tire upper landward limit 
ttw. u n t if vawj But as srnin as a growing ofT-abare b.ir 
has reached a certain level it u -wept l>y breakers, and material 
tt then .imply transferred from the outer to L he inner side. 

I hr bar chut advances towards the ihore like a submarine 
U dtJtlc > «*< « cum,ai become other than a st ,b- 
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marine feature until some other constructive factor begin* to 
operate. 

This additional factor is probably beach drifting Accord¬ 
ing to till?, view 'which still requires III lie verified by observa¬ 
tion) njie stretch of a mi grating off-shore bar soon reaches an 
outward bulge of the coast, and is there constructed into an 
ordinary beach. From this point one arm of the bar can then 
be built above >is*i level like a lengthening spit, until it readies 
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the next bulge of the coast ant! Iwa>m« a complete barrier 
beak’ll, -ttreteliiiiti across a broad shallow embayment which 
thus becomes a Itigotm. The bar may be breached octasionaHy 
by storm waves, but any such break is sootier or later repaired 
by later drib. 

Where the bar is in contact with the coast, the latter is 
eroded back and I he b,ir, brin^ tied ti> it, cornimu [•> encroach 
on the lagoon. Mcsimcbltte, the lagoon ttxclf is silted up with 
material thrown over the bar by the waves and brought in at 
the head Irom the land, until it becomes a salt marsh with a 
seaward belt of sand dunes. Eventually all these features 
continue to be cut back by the sea and a nearly straight 
bear Infringed coast is developed. The famous beaches of 
Daytona, Palm Beach, and Miami in Florida are nil-shore bars 
which are now nowhere far from the land and in many placet 
make contact with it. 


SunstAtusi Canyons 

More than half a century ago it was discovered by soundings 
that the Hudson and Congo valleys continue over the sea floor 
ns submarine trenches which interrupt the supposedly feature¬ 
less floor of the continental shelf and become comparable in 
their dimmsious with deep canyons where they traverse the 
continental slope beyond. One hundred and twenty miles 
south-east oj New York the Hudson •uhmtirinr canyon jg now* 
knrtw'ii to be flu rtiilr- long, ft miles across Cham rim to rim, 
and 3,7tHl feet deep (me ami red from the rim). The Congo 
example is on an even vaster scale. These submarine canyons 
were naturally a source of great perplexity, and as other 
examples tamr tn hr found elsewhere the mystery of ibrir 
nrigin presented geolngisis with a challenge of increasing 
urgency. 

About ItKlU sounding ceased to be a slow and tedious 
process with the invention of an instrument that makes it 
possible to measure the depth b% timing the interval required 
for a sound to reach the sea floor and to he reflected back as 
an echo. Since then detailed explorations of the sea floor by 
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rcho sounding have hern :niivtly carded nut in a number 
of selected but widely separated regions. Although less than 
one per cent, of the continental shelf and slope has so far been 
systematically surveyed in this way, more than a hundred 
submarine canyons have already been accurately charted. 
They occur off coasts of ail kind*, and every continent provides 
example*, except Aman iira. the margins of which have not 
yei Irccn usietj. Somr art in line with grrai rivers, but far 
more begin on the continental shelf, often far out, without 
relation to the drainage from the land, and all of them become 
features of vigorous relief on the steeper surfaces of the conti* 
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Quill of I’ll' mlmiiriur iAtiyoiu >iif llie CidliL.Miispj .■ umi between Situ Fraucuco 
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tiem.il slope, which thus turn out to hr far more rugged th.m 
anyone could liave suspected* A dendritic system df tributary 
valleys, ai illustrated in Fig. Ifl8 t h characteristic* The result¬ 
ing LibmanrifT topography dmdy resembles that of a land 
siirllti. e dissected by river erosion. The mam canyon* are 
broad, V-diapctJ gashes excavated in the sea floor 

in depth* of a# ranch 4,n0o feet below the rim* Some 
example* have been traced to depths of over 10*000 feel below 
sea level, bat their terminal inm on the deep Mean floor still 
remain on la (homed. Samples dredged from the wall* show 
that these amazing caoyona are gcxTjgr rally quite young* 
Pliocene marine beds Jmvr been an through and a coating of 
frail mud augges^ dim ;n U\ui -name of the canyons arc now 
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COASTAL SCENERY AMD THE WORK OF THE SEA 

bang filled father than excavated. It is therefore pmkililr 
that I hr canyons originated tinring Pleistocene time. But bow? 

The canyons must have ficcn formed either aS>uvc or below 
the sea. IT above, then either the sea floor must have been 
robed or the sea level must have fa]ten by .\i least iU,UO(* fccL 
Each ol these alternatives is equally prepostexo^ There b 
not the slightest evidence that any of tlir coiisu concerned 
were pushed up a couple of miles and thru restored To ebrir 
pmcni poiitipn* shortly afterward** and the idea that this 
could have happened alt over the world is purely Fantastic. 
Lowering of eIic sea by 10/MH) feet would imply that about 
thirty time-' li>. much water was precipitated on the land-i in 
*bc form Qfeeritineolaj ice sheets as we have any right to assume, 
J he actual lowering of sea level during the glaci.il epochs was 
of the order £00 feet, an estimate that is confirmed bv the 
depths of the lagoons of coral atolls and barrier reels (p* 32&), 
Thus we arc driven to consider the only remaining possibility : 
that tlxt canyons were formed under the presumably by 
the erosive cfll j. t< of some kind of submarine current. 

Among the many hypotheses dim have been proposed to 
Recount for submarine canyons only onc T toasted by jjalv 
in 193tl and subsequently developed, appears to be reasonably 
ttiisfactory, [t may be briefly sunt marked as follows. During 
the glacial epochs the coutmentai shelf was everywhere exposed 
down to about 300 feet below present him level, Waves and 
currents! then specially strong because of the stormy weather 
ol glacial limes,, churned up the muds of the outer part of the 
shelf and gave ri.H£ to an undertow and hottum layer of un¬ 
usually turbid water. I lie mud-laden water* taring heavier 
than the ckar water above i| T began to limy down the shelf 
as a $itipixiutm r,umnt with a velocity determined by the density 
°f lJ| r smpcKisiun and the angle of slope. By guiding and 
coiimmMiing the flow of the loaded w r atcr chance depressions 
Wfiuld rim* become selectively eroded into furrows which 
thereafter would cn na ksv and iLCccntuaie the currents, On 
reaching the coimncnTaJ slope with a gradient of about l in 
15, a hundred times sleeper than that of the average iltrlf) the 
currents would gather speed and thus gain additional erosive 
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power, Oner started, such submarine streams would be *etf- 
perpet noting, -Kid even sdf-accelcrdtiag, si nee erosion would 
add to the mudtfincss of the water, and therefore to its effective 
density, The inference is inevitable dial on the continental 
slopes erosion should have been altogether more vigorous 
than on the shelf where the cuircuts were engendered. Sub- 
si diary processes which would CO-operate with suspension 
current*, in the development of the cutty mu include under¬ 
cutting uf the fiti' m and rides by emerging springs, and dump¬ 
ing nf loose, witter-saturated sediment. Earthquakes might 
well act as a trigger to set submarine “ landslips moving. 
Each of these processes has been regarded as of major im¬ 
portance by certain geologists, but it is dilTuath to see l)ow 
either or both (without the guiding hand of suspension currents) 
could tie responsible for a submarine topography that bears 
all tile hall-marks of erosion by running water. 

There can be no doubt about the reality and efficacy of the 
main process envisaged by Daly. Where the Rhone, milky 
with glacial sediment, flows into Lake Geneva, its waters 
visibly dive under the dear lake water and flow through a 
five-mile trench rewards the deepest part of the lake. Moreover, 
carefully designed series of tank experiments carried out by 
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Kticn.cn in Holland, and independently by Bell in llir: United 
States, have demonstrated that suspension current? d* >. In 
fact, behave as described by Daly > Figs, 160 and 170), The 
only doubt still remaining is whether these currents could 
erode r obtain tocb, such .is have I wen collected by dredging 
from the walls of same of the canyons, or whether this feature 
requires some additional explanation. 
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LIFE AS A ROCK BUILDER 

Lift, m a Geological Agent 

Tn earlier chapters certain aspects of the geological work 
accomplished by living organisms have already been touched 
on : the breaking up of the sub-soil by roots ; the growth of 
soils; the protection of soils by forests and prairie grasses ; 
the fix ;i Li on of sand dunes; and the comminution of materials 
by worms and other burrowing animals. Apart from man, 
who at the present day is contributing to crosinn and transport 
on .t gigantic stale, organisms arc ni limited importance as 
rock breakers, but in virtue of their biochemical activities they 
contribute on a very considerable stale to flic chemical weather¬ 
ing of rocks. 

In particular ft jj worth noticing that practically all the 
oxygen now present in the atmosphere and all the oxygen 
that lias been used up in weathering processes hat been liberated 
from carbon dioxide by green plants during their growth 
(p, 330). The only other known source of free oxygen is due 
to the action of certain bacteria which liberate oxygen from 
nitrates, which they turn into ammonia, or from sulphates, 
which they reduce to sulphides (such as pyriic) or even to 
sulphur itself. Since oxygen has accumulated throughout 
geological time as a bv-proditct of plant life, despite the 
enormous amount used up in oxidation including breathing), 
it follows that there must Lie an equivalent amount of carbon 
elsewhere. Part of this is present in tin- living tissues of the 
plants and animals of the present day. Both on land and in 
the sea certain animals eat plants and other animals devour 
the plant-eaters. Tims a groat deal of organic matter is 
simply transferred from one organism to another. Of the 
balance, part decays, largely as a result of bat tenal attack, 
and passes away as carbon dioxide and water; while 
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thn remainder, in various states of preservation according 
lo ie stage of decomposition readied before and after 
burial, h found in aolk and *wamps, in carbonaceous and 
biniFTiUious shales, and in more conrvu muted deposits of 
prat,- coal* and petroleum* Natural fuels and the oxygen 
mpiirrd for their combustion arc two ol the most im¬ 
port out end products of vital activities (sec Fig. 177) * This 
aspect of the work of life forms the subject of the following 
chapter* 

Besides the accumulations of organic matter mentioned 
above, there are immensely greater deposits which are largely 
composed of the did!* or other protective and supporting 
structure* of uncc-Sjvtag organisms. Most of these hard pans 
colitis* essentially of cnlrium carbonate secreted from sea 
water by animal* *udi as molluscs commonly blown as shell- 
fifth), sea urchins, corals, anti the tiny ringle-cdlod fomminilcra 
[Plate 7±rV and b\< and by plants of which algae (a group 
mcludmg seaweeds) are the chief: After death, the hard parti 
persist and accumulate as shell deposits (Plate coral reefs, 
deep-sea oozes, and the like t all raw materials of limestone 
in the making. Other single-celled animals and pLxtm, known 
rc^pe< lively as radioiarians (Plate Wte) and diatoms, extract 
silica, and encase themselves within microscopic shells of opaL 
The resulting silkeous deposits constitute two important 
varieties of the deep-sea ooieti Other organisms,, such a* 
fredHwmtcr mussels and snails, ant! green algae, contribute 
edearemis materials to deposits forming in fresh-water lakes, 
lagoons* and estuaries: and fresh-water diatoms, winch abound 
in the takes of glaciated districts, similarly provide siliceous 
deposits known as diafnmmtuui farlh. Hut the marine example* 
arc of enormously greater abundance. 

Bacteria also help u> form limn*tone* by what may be 
railed biochemical precipitation. It was mentioned above that 
certain bacteria inrn nitrogen compounds into ammo nun 
Uir Jatter ha the effect of pi n ipitating calcium carbonate 
from sea water, and cm the shallow bonis between Cuba and 
ilit Bahamas considerable deposit* are now being formed in 
this way. Bacteria are also concerned in the precipitation of 
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limoiutc from the waters of Jake* and marshes* notably in 
Sweden and Finland, where bog iron ore of this kind hits been 
extracted on a commercial scale. 

Phosphates arc of great value because of their vital ini* 
portance as fertilizers * and because workable deposits axe far 
irii common than we could wish, Mo&t of them have resulted 
directly or indirectly from organic activities. Calcium, plies* 
phatc i$ particularly concentrated in the bona, teeth* and 
excrement of vertebrates, especially fishes. Vast numbers of 
frill art sometimes killed by the shock of earthquake vibrations 
passing through sea water* and their remain* then accumulate 
as kwif beds* Another source b provided by the droppings of 
countless generations of fish-eating birds on coasts nud oceanic 
islands, which thus become thickly cacuttcd with gums* 


Marine Deposits 


According to their location on the sea floor (Fig* 171), 
marine deposits are defied ;i$ follows* Littmul deposits arc 
those hr rued between high and low tides. Shallow water 
deposits are those which collect on the continental shelf and 
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Sehnnmtie v^aian so Umw the tone* of marine tntimcnwiicm 


at similar depths elsewhere, that is, between low tide and UK) 
fathoms. Below this level arc the mud* and oozes referred to 
iii dt<l> ro; or d(tp iratfT depo ts. The mud*, etc., of tin - conti- 
uexiul dope, .mil of similar depths atuund oceanic islands, 
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belong to the JafcW zone * while the oorcs of the deep ocean 
floor belong to the abjssal zone. 

According to the source of the material*, marine deposits 
fall: into Luo main group* i ttmgtnpus^ derived from the land 
by river transport and coast erosion ; and organic— comprising 
die calcareous and siliceous tMk and other remains of marine 
organbm*. The terrigenous dqmil* are naturally found in 
greatest bulk bordering the lands. Sediment that is swept 
over die edge of the continental shelf cmnes to rest on the 
slopes beyond, FJie abyssal ocean floor receives snip plies of 
hind detritus only from wind-borne dust and rare icebergs- 
These sources or supply are so scanty that the rate of accumula¬ 
tion is extremely slow. 

The? marine organisms that contribute nnut conspicuously 
to the sediment* of the litlond ami shallow wjii er zones belong 
to a group known collectively a* llie Btnlkm {bottom dwdlern}* 
This includes seaweeds, mollusci, tea urchins and corals and 
oilier form* Shat live on the sea floor. Many of them arc 
firmly attac hed to the bottom. Deposits of shells or of their 
%%ave-cx^cntratcd fragments arc formed in great abundance 
in favourable dtimiforu, while elsewhere similar remains are 
dispersed as fbsrils through the terrigenous deposits, The 
North Sea is mainly floored with terrigenous mate rial, but oil 
the Kentish coast and between the Thames and (he Hook of 
Holland there are patches of several square miles consisting 
almost entirely of large shdis. Tile shelly sand* of some of the 
Cornish brads ev iuivc already been mentioned ,p, 2B3). Thor 
are but relatively small example of shelly limestones m tJitr 
making, I ar more extensive iiccumiduiinu$ occur off limestone 
cua*t* and m other silualiprvi where the organic remains are 
iiEit smothered by sand and mud* The reefs and atolls built 
up by corah and their associates in the shallow water of warm, 
un^rtllammattsd >eas illustrate limestonr^biiil dEn *; on so 

tarn Jar a scale that they arc restned for a more detailed 
description* 

Organic deposits of the above rypre which have in-cumu¬ 
lated off continental shore* or on ihc flanks of oceanic blanch 
arc described as rarnfic (Or* n/H/ai) a nuiiidi. The organic 
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oozes and red day of the abysal zone are distinguished as 
pdagk deposit* ' Gr. pdagQS) the sea). The oozes are largely 
re imposed of the remains of man nr: organisms belonging to a 
^miyp tailed the Plankton (the wanderers). This includes tlie 
single-cdled marine plants (diatoms! and ainmaJ? idramimfera 
and radiolariam) ; certain {bating molluscs known as “ sen 
butterflies s ' or pt era pods ; most of the eggs and larva: of the 
benthos and other marine organisms ; and all other fi« 
which, unlike fishes, have no means of self-locomotion* The 
ptcropods ate blown along the fttrfhtc by the wind, but the 
others, nearly all microscopically small, are passively sus¬ 
pended in the water. Diatoms, being plants, cannot live 
hdow the depth of effective sunlight penetration, which in the 
open ocean reaches a maximum of about 050 feet* Though 
individually quite invisible tu the unaided eye, the diatoms are 
present in smh prodigious numbers that they mm the sea m 
which they Jive into a kind of thin vegetable soup. This 
forms the main food supply of the rest of the plankton* whose 
habitat h therefore similarly confined to the sunlit mne- 

From this prolific overhead source the sea floor receives a 
slow but steady rain of plankton shells which have escaped 
destruction by being eaten or by being dissolved in the sea 
water as they sank. In the shallow-water zone the tiny shells 
are gcncr.Llls lost in an overwhelming \i bund ante of ttrrige nuns 
and neritic materials. In tin batliyal zone, where die rate of 
supply of terrigenous sediment is les* overpowering, they make 
a bigger show and can be readily found in the blue and green 
muds, both of which arc characteristically calcareous deposits. 
In the abyssal jsoue* however, die plankton ^hell$ accumulate 
with iirtlc contamination from other sources, to form the deep- 
sea oozes which, together with the red day, constitute the 
pelagic deposits* 

Fishes, whaler and other marine animal# which go actively 
after their food supply are grouped as the Xcltofi i swimmers). 
These contribute to all the marine deposit* on a limited scale, 
but concentrated remain*, such as the bunc beds already 
mentioned a* source? of phosphites, are quite rare* 

The adjoining table summarizes the leading type* of deposit* 
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now forming on the sea floor, classified according to the zones 
of fie position and the sources of material as reviewed in the 
preceding paragraphs. A systematic description of all ditsc 
deposits would require more space than is available, but coral 
reels and the chief varieties of die pelagic deposits will serve as 
illustrative examples of special intcicM, 


MODERN MARINE tiETOSITS 


r- 

tCmth 

Xtatoried 

TunuiiKAon 
f fewum 

Ctfnttnu. 

-----1 

Okoakic Dpi'CWR 

£rattfi 

WjfrtfWi 

Alff> 

Didoecmic^ul 

pMrurrrMTi 

Nrnmv 

1 Maudy 

I I 

Lmmi-u. Af*yr 

Sir-UlOVk 

Wat™ '/jam 

ihire^k 

Gmti 

S™ji 

Much 

Odiir fantii 

< jlrarr^m 

mud* 

Otnwntififl 
iLLiilmali 
Mll nl V 

%kt]\ ^avidfe 
and 

^hrjl lands 

Ckin! pHV 
erne! 

Cof it ■■•uul'i 



> 


>■ 


Dtll’-UAtM 

&&be 

itezr Sia Mvu 
flf 

f irc«L Mar k 
jssaii blur 
tirudi 

Vijlraiiir ItttSiLi 
Wth larynx 
■JHHUiti uf 
pLtujJcnjii ft- 
nunim) 

tW%) 

iimlffali l 

OofUi Hindi 

1 Jt i 0*&-E» 

qjT *A# 

£*iif 

hcflr>prxl c^ifc 

C JkibipTuu iKictf 

OEalutil exSte 

K 1 fcn il+irTP fi &>**- 

\*m 




IffBFIMiPUfl KtlllLL M 
/miH cdrioui umr ,rw 

RH CUy fM%) 


Thr Injure. blncteh icjirtxui lire ■ppttaimaJe m™, i.v.rfrd hv iU vavious 
■■' **"■»**» M prrrcrtT»gri ai ihc W .-j, .,( fa .„ f jm, floor 


Pelagic Der-osm 

The composition and distribution of the deep-sea cmates 
depend on the tern jiera Eure of die surface waters and the depth 
ol the underlying ocean floor. Diatoms, for example, flourish 
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particularly well in colei cncumpolar seas which are urc* 
favourable to a profusion of other forms. Radio I aria ns. on the 
other lumtb are especially abundant in warm tropical waters, 

Foramniih-ni, of which (Ittibigrrifia is I hr commonest genus* 

abound in tropical and temperate regions and die distributiott 
of gfobigerma oo/e is- therefore less restricted. The tiny ■ al- 
cantons and opaline shells, being ex turn el y deli calc and often 
of intricate deiigii. readily lend Ihrmidves m attack by solution 
as they sink towards the bottom* The solvent power of sea¬ 
water increases with dr pi h : directly berausr of the increasing 
pressure and indirectly because the proportion of gusc* in 
solution, mainly carbon dioxide, also becomes higher as the 
pressure rises and the Temperature falls, The glublgcriua anti 
other calcareous foramiuifera dissolve more rapidly than the 
radiobdam and other siliceous forms. Only a few of the buyer 
varieties succeed in reaching depth* of 3 p fJflO fathmm, and in 
the next nl>0 I at hums even these are lost. As a well individua¬ 
lised deposit gittldgtiiiui cm.:? most characteristically developed 
at medium depths on ihtr (Mean floor* that is* round about 
3 f iMm Iiithums. The rilicemaa rnnam* persist to greater depths, 
some of them down io 5,000 fathoms, the Average for radidarim 
(M£* being about S»uih>, 

Over 50 million square miles of die ocean Ifoor lies beyond 
the reach of more than traces of the plankton remains. Here 
accumulate the materials that form the bads of the Red Clay ; 
(«) volcanic pnxlueis Crain wind-borne dust, submarine 
mipiimi*, and fragments of pumice ihru have (foaled far from 
tlmirsourt c U fore ftinkhic ; tb) non-vnlcanii wind-borne dust ; 
(tf) insoluble organic rdi< r like sharks teeth and the ear-bones 
of whales : id) the dust of meteorites and occaricinat larger 
fragments which have fallen into the sea Emm the sky ; and 
toe ally, (r) debns dropped from fa r^tra veiled icebergs* Mcteo* 
rite dust Falfe everywhere, of course, but sl Is only in the red 
day that it is not smothered beyond recognition* The red 
day accumulate# so slowly Lhai some of the iburk*$ teeth lying 
utiburied on the surface arc those of species now extinct. 
Many of the ingredients listed above have decampacd into 
day, lieavdy stained by ferruginous matter which gives the 
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deposit a brick-red or cliocoLiie-browii colour, Other 
secondary products found in the red day include blade 
andilies of umigaucse oxide and cry*iuh i-f various silicate 
arid oilier mineral. Where die depth U not excessive im- 
dissolved plankton remains appear, .iml as the proportion of 
these ill-- reasr* with decreasing depth the red clay ingredients 
become mo I c ami mine diluted until dm debits p;is; into 
radio] a non txue in >«mc lornlittrs or imu ulobfgcrina OOM in 
others. 

In die following table the average Composition of each of 
the chief pelagic deposits is given : 
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fuidiolarian Oozt (Plate 72c is essentially a variety nf red 
i lav rh:u is notably rich in the remain- i>i rudioladim, Diatoms 
and sponge spicules are also commonly present. It occurs 
beneath the tropical Wits of the Pacific and Indian oceans, 
where the warm surfiifc waters favour an unusual prolusion 
of radhij.trLuo, and where the great depth prevents more 
than .1 scanty supply of calcareous remains. 

Although thry occur everywhere, diatoms are most abon- 
dxiiii relative to the rcat et the plankton around Antarctica and 
in the extreme north of die Pacific, The delicately ornamented 
’»b | II .Li i umuiait: liiiTf. ;l- Didiw On-r_ together with I’criaid 
species of foremiuifsra that can live in cold water. Con¬ 
tamination by terrigenous material, much of which in derived 
from floating ice, ia commonly abundant. 

Clobigenna O&zt is by far the mrv,t widespread variety and 
is especially characteristic of the Atlantic floor, h contains 
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foraminifrra in great abundance and variety (Plate 72 a), 
among which tin-shells of Glabigtrixa. cad) consisting of several 
globular chambers, are the commonest (Plate 72 b). The 
proportion of calcium carbonate Varies with the depth, ranging 
from ft? per cent, in samples from -100 fa thorns to 20 per cent, 
in those from 2,000 fathom.*, the balance being made up nf 
Other plankton remains, and ingredients like those of the red 
day, into which the giobigerimi oo*c merges at its lower 
margins, hi the shallower depths, over sub-tropical and 
tropical sitiuiiarint banks and ridges, the shells ot jjtcropod.; 
locally become abundant, and when they predominate the 
deposit is distinguUhed as Ptrropod <*>#. Another important 
variety is characterised by the button-shaped remains (eocco- 
liths i of certain lime-secreting algae wliich flourish in sub¬ 
tropical waters. 

Geological Interest of tiie Eelacuc Deposits 

A century ago nothing was known ut the deep-sea deposits, 
Gbbigcrina oostc, dredged up by one of the cable-laying 
steamers in I H52, \c:is the first to be discovered. A systematic 
exploration of the ocean floor was carried out by the 
famous ChallfngtT Expedition of the years I872-7K. The 
thousands of samples then brought up arc described in 
one of the fifty bulky volumes in which the scientific 
results of that great enterprise arc retarded- Since then 
certain pan- ot the ocean floor have been hivcftigaicd 
in greater detail, hut only in recent years ha? any really 
fundamental advance been made. 

In !b'!l Piggy! un cesstiilly drvrinpcti a Minridmgapparatus 
for securing core samples of abyssal dc|wsiis. Tile apparatus 
consists of a long metal relic which, on arriving at the bottom, 
is automatically forced into the sediment by an expkuion of 
cannon powder contained in a kind of gun attached to its 
upper end. During IMrt cores up to ten feet long were uls- 
tained along .i ttftVerse aero..- tin- North Athndfc fipni \rv.- 
foimdland to Ireland ; seven of these came from depths 
exceeding 2,000 fathonu. So slowly has the geological record 
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accumulated in these quiet depths that the cores represent at 
least a million years of oceanic deposition, Exa mi nation of 
die sequence them? that the four glarinJ epochs are oil 
i learly represented, 'Hie forainimfrivt of ihe glacial hands 
arc, moreover, found to Ik- of types tlmt live in cold waters, 
whereas those of ihe interglacial bands indicate that the 
surface waters wisre then as warm as, or rven warmer than, 
those of today, 

A fart nf grail sitmificancc is that no represent a lives of the 
abyssal deposit* of former ages have been found among the 
formations now exposed on the cuntimnit, except in certain 
marginal islands. 1 fie Chalk might appear to be an exception, 
for it ii a limestone that in fonie respects resemble-, a highly 
caleamiUi glnlrigcrtiwi oo*& But the Chalk IbrartdnUera are 
largely shallow*water forma, and with them are associated 
many larger fossil* of the benthos group. These all have 
dmrattciisii.ally thick shells, such as are grown only by 
organisms that have to withstand the turmoil of vigorous 
waves. Thus the Chalk is not an abyssal dqjosit, The lands 
aurnmnding ibeChalk sea were so low-dying that they provided 
hide or no terrigenous material to die sea floor outside the 
Uttnral Kmc, and in consequence a thick luicuiit.itniiiaH'd 
limestone, characterised fry im unusual abundance of fara- 
miitifrra, was able to accumulate in the thirty million years 
or mi during which these exceptional conditions lasted. 

In the Dutch East [mile; Jurassic and Cretaceous formations 
have been discovered which contain alternating' layers of 
indurated red clay and radiobrinu ooze, associated with 
shallow*water and bathvaf sediments. Similar uplifted de- 
jHisirs. accompanied bv glubigcrinu uuzr, occur j? 1 Barbados 1 
u< die Best Indies, Here they lie on Tertiary continental 
sediments, including coal trams, thus preventing 11 clear 
evidence Uuu portions of a continental area might be de¬ 
pressed to oceanic depth , and re-elevated. 11 Evidence of dm 
kind, however, it n mimed to a tew tracts along the folded 
margins nl the continents. Then; it nowhere any judication 
iliat the oceanic platform itself has become pun of a continental 
region. 

jso 



CORAL REEFS 



Coral Reefs and Atolls 

Li favourable situation? in tropical seas rorals, together 
with all the organisms to nliicb they give shelter and attach¬ 
ment, grow in such profusion that they build up reefs and 


Fin. 172 

Gtjral Fringing ami' limit? rrefi «>r fa> £^. Canuir \t. t turrih end of 

Mrajunhkiiic QumocL Uv- volima r4 r]it nbndi recent • uh^u^qfcjice 

islands of very considerable arc. Clothed it) vivid greet), 
crowned by the coconut palm, and fringed with the white 
foam of the ceaseless surf, the “ low islands ” of the Llizabcthan 
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mariners have a reputation thrdasnling but trtacftttoui beauty. 
Dangerous to navigation and difficult to explore, ilicy have 
been equally tantalising to geologists who sought to account 
for their existence. Darwin was the first to face the problems 
in a scientific spirit and by him Lurid reels were divided into 
three main classes Figs. 172—174J : 

iff! Fringing wfs, consisting of a veneer or platform of coral 
which :n low tide is seen to |>e in continuity with the shore. 
The width is often half a mile or mote, and the seaward side 
slopes steeply down to the normal sea floor. 



Fid. 173 

Setiioii so JthiMav ihe rdiiieruhip uf the Gre*i Barri** Kn-I u> the caul <4 
Qi^rti.lnml I -iHtr J. A. .firm) 

firrl Met. blanl ; Ljjth^h anil (,|iuw! fc-dimrati. dollnJ 

f A1 BarrifT r "A situated up to several miles off-shore, with 
mi intervening lagoon, Ihr thomiaiid-mile complex of reels 
known as the Great Barrier Reef, which forma a gigantic 
natural breakwater off the north-east coast of Australia, is by 
far the greatest coral struc ture in Lite world 'Plate 7IU and 
Fig. 173% Most barrier reefs, however, of which there are 
countless examples, are island-cn dir ling structures forming 
irregular rings of variable width, more or less interrupted by 
open passages on the leeward side Fig, 172). 

i>) Atolls, resembling barrier reefs, but without ilie central 
island [Plate 73 b and Fig. 174). They are essentially low- 
lyang ring-shaped islands enclosing a lagoon which again 
ts generally connected with the open sea by passages on the 
leeward ddr. 

^Mf-buildiiig coral five in colonies of thousands of tiny 
individuals (polyps), each occupying a cup^hapcd depression 
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Map th<r Suva Dim nintl, Trullrm Ocart ' Ml x 40 nrik^tdwwfag llv dfpliii 
of Lte lagoon floor io i.i H indu .iftit R.. I D.ifi: 

in a calcareous tram c work which U com mi in to the whole 
colony. As the successive gctiemiiom of corab grow outwards 
through the restless waters in their competition for food, the 
stony framework also branches upwards and outwards and 
grows into forms tha t resemble plants, some heing like shrubs 
and Olliers like cushioned r<* k-plftnts. The interspaces 
between the dead coralline structures arc cemented and bound 
together by calcareous algae culled nulltporc*. These pre¬ 
cipitate calcium carbonate within themselves* and still more a* 
incrustations which coal their surface* and cover the coral 
growths to which they are attached. Other contributions air 
made by shelled molluscs, foraminifera, calcareous worms, and 
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LIFE AS A ROC*. B1 n.DER 

bacteria. and the whole assemblage accumulates to form a 
white porous limestone which grad a ally becomes more 
coherent as it is buried and subjected to prolonged saturation 
by sea water. 

The development and maimrnance of coral m-fc <lr|n:nd 
upon the condition' that favour a vigorous growth <d [hr living 
colonic*. A til riving reef has to contend not only with the 
waves, but also with boringorganisms andyorucions crustaceans 
tltat real on the bodies of the individual corals. Hie reef re- 
prticn it the nuifuin d success in a never-ceasing stnujlc 
against death and extinction. Not only have the corals and 
miUiporef to supply material to maintain a flourishing living 
laeCj they have also to provide the broken masses of rural rock 
and other debris that accumulate to form ihr visible reef and 
its seaward foundations. On the lagoon or landward side of 
the living face there u the terffai, musts ting of material thrown 
up by (he lirriiken to a height of lit—IT. feet, A certain amount 
nt debris is also washed over into the lagoon by heaw seas that 
swtTp the reel. On the seaward side of the growing face the 
icef piLvvs into a talus slope that may descend to very great 
depths on the flanks of oceanic barrier reefs mid atolls. 

Corah require ,t mean temperature ui not less than tiff 
and reels and atoll-; are therefore restricted to .s -*>tie lying 
between latitude.' 30 N. and 5., except locally where warm 
currents carry higher temperatures to the north or south of 
these limits. The reels of the Bermudas, for example, arc 
dependent upon the warmth of the- Gtdr Stream, Along the 
torrid belts oi the net 1 am the equatorial currents drift towards 
the west, becoming warmer on the way, and consequently 
rrH- flourish far more mccessfijJJy in the western parts nf ibe 
means than on their colder eastern shores. 

I he water num In: clear and sail. Opposite tJic mouths <>1 
rivers, where the diiutrd sea-water carrir- suspended rilt and 
mud, conh cannoi live and no reef* appear. Conversely, reds 
grow best oti the seaward edge of the reef, where splits I ting 
waves, rising tides, and warm current* bring them constantly 
renewed supplies of oxygen and loud. Comb cannot long 
survive exposure above the water, and consequently Jiving reds 
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ORIGIN ' CORA I REEFS 


can rsever grow much strive Imv-tide level. Dead reefs are 
found above sea level, but they have been uplifted into such 
position* by earth movements, to which they are therefore a 
most reliable index. On the other hand, reef-building corals 
require sunlight and do not grow freely at depths greater 
iIran about *Ji> fathoms ; ttuJJiporrs ar< similarly restricted to 
u 00 fathoms* A necessity for reef formation is therefore 
the pre-existence of a platform not far helm* sea level. Reefs 
and atolls may be " drowned " by rapid subsidence, and 
several examples of reefs and .1 tolls that have been killed olf 
in this way have been discovered on the sea floor. It follows 
from the above consideration* that the living corals ami the 
growing face of the red’ lend to spread upwards and outwards 
towards the surface waters of the open sea. 


Tb* Origin of Barrier Reefs and Atoms 

The origin of fringing reefi is easy tv understand, Minute 
coral larvae drift with the ocean currents, and those that reach 
suitable shores find attachment and start new reefs that 
gradually develop seawards. Barrier reefs and atolls, however, 
arc remarkable in that they generally rise from depths where 
no corah or mjfliporcs could live. There arc two possibilities : 
cither the retfs have grown upwards from submerged banks 
not more than, say. BO fit thorns below die surface, or they have 
grown upwards and outwards from fringing reefs during the 
submergence ofilie land or bland to which dies were originally 
attached. Another feature that calls for explanation is that 
the lagoons have nearly fliit floors and depths that are all of 
the same order, the range bring from about 1T> fathoms for the 
larger examples, which may be several miles across, to d*> 
fothoms for the smaller ones. 

The first general explanation was offered by Darwin as a 
result of the observations lie made during his celebrated voyage 
in the iteagU. He visualized all reds and atoll* a* different 
stages in a single process . Fig. 175). Growth begins with the 
building uf a fringing reef around, lei us say, 1 volcanic island. 
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TJFE AS A ROCK DUlEJ>frFt 

Subsidence of the island combined with contim ;ious growth 
converts the reel" into u Ijatmfcr reef* Since corals can grow 
upwards ar a rate td" about j foot in ten yearn it will rarely 
happen lhat they arc unable to keep pace with the movement- 
The submerged area Iwiwran the island and the rim of coral 
rock forms the lagoon. By fort her subsidence the summit ■*! 
the central bland sinks out of sight, and rite barrier reef be- 
comes -in atott. 

Darwin's simple theory has not passed unchallenged, but 
it satisfactorily accounts for most of the features rasudated with 
reds. The reality of subsidence—or at least of a change of 
$ea level—Is proved by the drowned valleys and embayed 



(tab iT^i 

IHibstTiiTn k» UEuttrair ttanvin** iKt'-fv tlrvrLirp+nKii ! *f rriitffing 

reef, twrirr reef, ami mull arrjiiad j, Hibitdkif nlatvd 


share line? of ihc land uusidf llir Utgoam of barrier reefs, Hie 
Great Barrier Reef lias grown on (he edge of .1 down-faulted 
area, which was formerly l lie roitstaL plain of Quremhind and 
pari of New Smith Wide*. Uplifted atolls in Timor and else¬ 
where am found to lie unconform ably on an eroded foundation, 
exactly as the theory requires. The theory doc* not, however, 
make it rlcar how the lagoons of the present day have come 
to be so remarkably uniform in dcpl.li. Dig* 17G shows the 
enormous quantity of Lagoon sediment necessary to till in the 
“ moat ** around a subsiding volcanic bland. Alternatively, 
the flat lagoon floats of atolls and Ldand-cndrcling barrier 
reefs suggest that the corah grew upwards from the edges of 
submerged platforms worn dmvii by marine erosion. 

In 1910 Daly showed that these features are an inevitable 
result of recent and Pldstocenc changes of climate and sea 
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GLACIAL CONTROL THEORY 

level. He bad already noticed the- narrowness—and therefore 
the youtbfgjness—of rhe reefs fringing the Hawaiian Islands. 
Connect ini' this youthfulness with the discovery that a former 
glacier had left Us traces on the flanks of Manna Kca, he came 
to the conclusion dial corah could not have flourished along 
diose shines during die glacial qxiehs and that the existing 
reefi must have grown there dining post-glacial time. During 
the glacial epochs the fall of irmjH-rarurc must have killed nff 
most of die pie-existing reef-builders, leaving only a few 
sheltered spots from which the active reefs nf the interglacial 
stages, and finally those of the present day. could be colonised. 
Moreover, during the height of each glaciation the level of the 
oceans must have Ixen about 300 feet or 60 fathoms lower than 
to-day. As a result of die lowered sea level, pre-glacial islands 
and reels would be steadily attacked by the waves, and iri many 
place* reduced to platform of marine erosion near, or a fro 
fathoms below, the sea level of the time. 

Thu), innumerable pin l forms—many of them bring the 
truncated summits of oceanic volcanoes—Were formed at about 
die right depth to account for ihe existing floors (Pig. 17 Aj, 
The latest colonisation of the platforms and the upbuilding of 
the encircling reefs by corals present no difficulty, li is about 
86,000 years since the melting of die ice locked up in the 
continental toe-sheets of Europe and North America began to 
restore to the oceans the water previously abstracted. With 
a growth rate of a fool or so in ten years the corals could readily 
keep pace not only with the rising sea level, but also with the 
necessity to provide mate rial for the wave-built reef-flats and 
for the lalin slopes on ihe seaward flanks. 

The lagoons must, of course, have been somewhat shallowed 
by deposition. The smaller the lagoon the more rapidly its 
floor would be built up by sedimentation, because of the 
proportionate!y greater length of reef across which debris 
could be washed. This consideration is mat din I by the 
observed fact that the lagoon depths increase as the width* 
increase. Submerged platforms in die colder oceanic regions 
where corah failed to gain a footing have received very little 
sediment and their dept lit. arc correspondingly greater, 
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Dansin'i suhsident r theory leaves the origin of the plat¬ 
forms unexplained. Daly's “ Glacial-Control *’ theory pro¬ 
vides an ml equate explanation. In all regions the rise of sea 
level since the withdrawal of the ice sheets has been a definite 
factor ill the developtnrut of com! reefs and atolls. But 
wherever earth movements fom been in operation they too 
have been a fju tor that e.ninot be ignored. Their importance 
is clearly indicated by die occurrence of both * 4 drowned Tf 
and elevated reefs in regions such as the outer margin of the 
Dutch hast Indies, where erogenic movements are now or have 
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COttAL 


recently been in progress. In Timoi uplifted a foils furnish 
evidence that subsidence and coral growth were succeeded by 
upheaval and coral extinction. Moreover, it seems probable 
that many volcanic islands may have subsided in consequence 
either of kostatk readjustment, or of contraction of the under¬ 
lying founds do iik, 

Darwin's theory refers to $11 h mergence tty earth move- 
tnenu, while Duly'* refers to submergence by a rising sea lev eh 
Neither by itself provider an all-einbracing explanation of coral 
ltdij but together, m a com piemen tary pair, they solve all the 
major problems. 
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Chapter XVI 


LIFE AS A FUEL MAKER: COAL AND OIL 

The Sources of Natural Furls 

Carbon dioxide U the primary wurre «jF the carbon compound* 
(.1 ail living organisms and of all rh<-:,c tli.ii have lived in past 
ag«. Under the influence of the mu'- i ay- green plants, iiirlud- 
ing most of (be bacteria, synthesize . arbati dioxide and water 
into carbohydrates, such as rcilulosr and starch, both 
(C^H rt Q*), t and sugar (C^ t H tt O u ). Since these compounds 



Etc. t77 

Ou^talh to illujyiaiE the Oiebplk OiafrirFr -Qtjfcn Cytlc 4ftd itt 1?i -pnxiHil i> 

arc equivalent to carbon and water, their formation involves 
liberation of the oxygen which was originally combined with 
the carbon. Some of the oxygen so set free recombines with 
the carbon of organic matter, bulb living and dead ; atindirr 
part is used up in weathering processes ; and the balance 
passes into the atmosphere ur into the sea. The cycle of changes 
h Hhcroathally oittimarhwd in Fit. ITT, 

If all (he decaying remains of dead organisms were com¬ 
pletely oxidized there would be no free oxygen left over, 
i'nicr Water-logged conditions, however, oxidation is not 
complete. The decomposition products of vegetation, for 
example, accumulate as humus in the soil and as deposits of 

330 
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pcut ui bu^-i and swamp.:, Ttir buried peat deposits of former 
ages have been transformed into coal seams. In marine sedi¬ 
ments a high proportion of the organic material of plant and 
animal life is rilher emeu or lost by oxidation, but some 
escapes complete destruction and is entrapped in muddy 
deposits to form the minute droplets of oil and bubbles of gas 
which are the source materials of the concentrated *' pools** of 
petroleum and natural gas found in oilfields. Life is thus 
responsible for all the natural fuels* including wood, peat, 
coal, oil, and gas, .uicl Tor the enormously greater amount of 
carbonaceous aud bituminous matter that is dispei set! through 
■ihales and other sedimentary rocks. 

It is of inicrcst to attempt an approximate balance-sheet 
between the carbon of organic matter and the oxygen crumple* 
mentarj to it. The following (able gives some idea of the 
prodigious amounts involved, and bear, eloquent witness to 
the work of countless generations of countless millions of plants 
and animals. 


C-Asciusff in MUHtm* <?/torn 

Lmng maunr , . 

Sciit 400 t (KKI 

Vfii t. . . . - . ynftfiob 

liiptit* and Brawni Guhl ^JOd^XMi 

Bitunimnui Cutfll 3.200.000 

AnUimdi* - „ , * fflifiOto 

Ordinary Sniinienii 4,^,000.000* 


Oanrami Mw fev 

In dvr air * , > t jBtS&JSOtiflOti 

-Md^d |o wratSicriri# 
prodsi^tj And mrw 
in MKfimrnti * , S,0M).00a(HH*+ 

Dihsoivrd in ihc oc™* LJjiOli.jlmi 


T*ttal . , Total # , 0 ^, 500,000 


The figures marked with an asterisk are only rough estimates, 
as it is impossible to assess with accuracy either the total mas* 
of all sedimentary rocks or ihrir av erage composition* Never¬ 
theless. the totals lor carbon and oxygen rum om to be of the 
same order, with oxygen in excess, as it should be if both 
have been derived from carbon dioxide. No figure is given 
above for the carbon in oil and natural gas, as any reibouabJc 
guess as tf> ultimate resources would be quite negligible in 
comparison with the figures for the other repertories of earficra. 
So far l3,itfKi million tons of oil have been discovered, and half 
of Lids total has already been extracted fmni oilfields and used, 
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Peat 

The development of vegetable mould and humus from 
decaying plant rrniain^ has already been mentioned in con¬ 
nection with the soil (p, 122). Dead plant debris is at once 
attacked by bacteria and fungi, and in the presence of sunlight 
and oxygen the cellulose which is the basic substance of nearly 
■ :Li plant tissue* rapidly disappears, the ultimate products being 
carbon dioxide and water : 

C;H tf A + OO s - SCO, + 5Hp 

Cdhi faf# Oxj/^tn Carbon Dioxide Wain 

But in water-logged ritciromitents, tttch ns hogs and swamps, 
the degree of putrefaction is limited by Lite paucity or absence 
of oxygen and the generation of antiseptic organic acids which 
inhibit the bacterial activities. Under these conditions the 
sober and finely macerated plant debris chaiigtb into a dark 
brawn jelly-like humus. Part *>f this souks into the cells of 
fragments of wood, bark, roots, twigs, etc., which arc also 
being “humified/* and the cellular structures of these remains 
arc in consequence often wonderfully wed preserved- All 
the humified products, together with a variable proportion of 
the Jess destructible materials, such as resin and the waxy 
pollen cases and spores, accumulate to form deposits of 
peat. 

The process of humiCcation enriches the residue in carbon, 
as indicated by the following equation, which approximately 
represents the chemical changes involved : 

2CWV - C,H ( A + 2CO a + 2CH, + HjO 

CeUubst Humified residue Mi than/ 

Methane, more familiarly known a 1 , marsh gas, is highly 
in flammable, and its pale flames are responsible for tht “ wifl- 
o’-the-wup ’’ which U occasionally seen flickering over the 
surface ot a bog, lu coal mines, where the gas sometimes 
^stupes in disastrous quantities from the coal face, it is the 
chief constituent of the dreaded fire damp. 

The vegetation which contributes to peal formation ranges 
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PEAT BOGS AND SWAMPS 

from mosses (bog peat) to trees (forest (>eat — Plate 74 a j „ and 
the environment may be a swampy low!and or a water-logged 
upland wiili imperfect drainage* 11 ic climate mnw therefore 
be humid and ihe conditions s-Lirli that growth exceeds 
wastage. In ihr bog> of cool humid regions the rate of 
decay lags behind because of the low temperature, whereas 
in (he densely forested swamps ul I topicaI regions the pheno¬ 
menal rapidity of growth more than keeps pace with the high 
rate cpf decay. 

A special variety of peat accumulates al l lie txjltom of lakes 
and pools surrounded by marsh vegetarian. Wind-blown 
pollen and leaves Fall into die water, and all manner of organic 
particles drift into lL Evrtittmily these settle down to form a 
layer of organic o<rec* Frah*wi(er algar may add further 
contributions. fowiaily thr ijiorrs and algal irmaim may 
predominate* giving me In a dept* it lira is specially rich in 
the waxy and oily ingredients of vegetation. If stream* are 
flowing into the water the ooze is likely io be contaminated 
by ■i certain amount of muddy sediment. 

Many thousands of the shallow lakes lh;H foctftcrly mrupied 
depression* tri areas strewn with glacial depodts have been 
exm verted into peat bogs by the ucady encroachment of marah 
and wump vcgctaiinii* and in others the process of infilling 
b still in progress* The rushci, reeds, and pond weeds gradually 
advance over the dark gduuittiub clinic formed from the rcsi- 
dues of earlier generatfous. Moating vegetation sometimes 
grows oyE in thick spongy rolts acros* the surface. Meanwhile 
the floor is being built up as organic ooze accumulates, and 
finally the site of the lake becomes a swamp. The treacherous 
surface may hr covered with quaking tussocks ol sphagnum 
as In the bog? of Ireland* \tfberc the drainage con¬ 
ditions are suitable, the plant whence may culminate in n 
forest of trees with roots athpicd to the precarious foundation 
through which they spread. 

On a more extensive stale swamps are developed from 
the shallow lagoons and lake* of low-lying coastal phim, flood 
plains, and deltas, The Dismal Swamp of the coastal plain of 
Virginia and North Carolina is an immense forested area, only 
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a few feel above M"a Icvd^ interspersed with Mretches of open 
water {Fig. 167). Here 1 } SM -^piiirr miles have been asvcml 
with peat averaging 1 feet in thickness. Along the north-east 
Gtfa*t of Sumatra there are many scattered swamps supporting 
almost impenetrable tropical jungles, In one of these pear k 
known to have? accumulated to a depth of SO feet. 

The densely forested swamps of the Conges and other 
tropical deltas (Plate 75 b] provide ideal conditions for peat 
growth and sene io illustrate die climatic and geographical 
cmidiriotu under which the coal jusum of the CarIxmlfcrmis 
period originated. Moreover, boring! through the Ganges 
delta rn ral a succession of buried prat lied* with intervening 
deposits of sand and clay* Flic sequence points to repeated 
alternations of subsidence and standstill, with the actual 
surface never far from Sea level 

As peat accumulates year after year the entangled water k 
squeezed out of the lower layers and the peat shrinks and 
consolidates. It still ton tains a high proportion of water* 
however, and before being used as 4 fud prolonged air-drying 
is necessary. In appearance it then ranged from a light brown 
fibrous or wcx>dy material to a dark brown or black amorphous 
Substrate. 


Coat and m Vahuties 

Peal become -still further compacted when it is buried 
beneath a cover of clays and sands. A.% ihc overhead pressure 
increase* water and gases continue to be driven oil, their 
composition being such that the residue is progressively en¬ 
riched in carbon until it is transformed into a variety of coal 
1 ,Fig- 17#}* 3 1 1:lk been intimated thru at lea?ii a foot of peat 

k nectary to make an inch of Ordinary coal. The essential 
condition* fir the development of a ami scam are thus a) 
long-continued growth of peat; and (b) subsidence of rise 
area ami burial of the peat liCTieatli a thick accumulation of 
vtduAentL 

Gonridcriihlr variation in the character of coal k naturally 
lo be expected according to (it) the nature of the plant residues 
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—which determine* the type of coal material; and (A) the stage 
of chemical alteration which has been reached-—which deter¬ 
mines the raisJc of the coal, 

Lri normal coals the remains of wood and kirk predominate, 
indicating derivation From forest peats. Coal of the lowest 
funk, tiiut b, the variety most like peat* is called lignite* Ji 
commonly retains visible vegetable structures, but there are 
also varieties, often known as brawn coal, in which the woody 
tissues are obscure. lignites and brown coals are common 
in the Cretaceous and Tertiary cuaE fields of Europe anti North 
America, but arc of no impoi tatn.c in Britain. 

The fnimilhu diming black ue dark gicy coais dir British 
and other Carbotifferous coalfields belong lo a group of fuel* 
of higher rank know n collectively as bituminous rmL This term 
dear. not imply the present:r of the material proprrlv called 
bitumen, but has reference lo ihe faci that in the manufacture 
of coal gas and coke one of the d is filiation products, caal tar y 
is of a bituminous nature. Coal of the highest rank—colled 
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mdStniritt—occur* in certain, lixalitb t.g. in South Wales} 
when-. unusually high press me due to deep burial and subse¬ 
quent earth movement, com) fined with a moderate increase 
of temperature, Iras facilitated the driving-off of nearly all 
rhe volatile const!merits. Anthracite is hard, brittle, and stony- 
Iooking ; doe not soil the fingers; bums with a smokeless 
flume, and has a high beat-producing capac ity, 

CuaU of spcci.il types art- formed from a v ariclv of organic 
i.rt i zc rich in spot vs »i algal remains, These con lain less carbon 
11 i.ui the norma J coals of ifirrcsponding rank, Inn are not ably 
richer in hydrogen. VVhrii heated they give off abundant 
supplies oS li yd n .unbolts mid on dittillatjmi they yield oil. 
Varieties in which algal remains predominate arc called 
hnghcad cosh, or bightadi, after the name of an estate in West 
Lothian where they were first mined. They are close grained 
and tough and often resemble dark brown nr nearly black 
leather. They leave a luniidOiililr residue of ash, most iff 
which is the muddy material that contaminated the original 
ooate. By increase of inorganic sediment ihr boghead* pass into 
ett'SfutUt. 

Between biturtkinmts coal and the bogheads there .ue 
ittlmnediatc varieties known as cantttl coal. In some of these 
spores and blebs of resin aix very abundant, while others 
contain algal remains in addition, Carmel tool is dull black 
anti appears quite structureless to the unaided eye. Il occurs 
as individual seams and also as lentides and bands in seams 
of ordinary coal. The name refers tu the fact that splinters 
of canncl can 1 m: burnt like it candle, a fuel that in lurti demon¬ 
strates the richness of the in.iicri.il in inll.iuim.iblc hydro¬ 
carbons. 


Tue C:oNffjrnmoN* of Coal 

Almi/st any block nf bituminous coal ran lie seen to have 
a well-marked banded or stratified structure. The commonest 
bauds are composed of soft bright coal which readily breaks 
into approximately right-angled pieces with smooth brilliant 
surfaces. Most oi the bauds appear to be quite structureless^ 


toNSTrrur.jm or coal 

and since the material bean a cl Die resemblance to glass it 
has been trail rel r itrmn or pit finite. Others air finely laminated 
and consist oi slirril' and films of vilrinile in a very fine-grained 
matrix. 1 his type of coal material is known as ctaram. The 
bands of brig hr coal an- separated by layers of a dull grey* 
black type of coal which, being relatively hard and rough, is 
distinguished os tturain. None of the three types already men* 
tionrri soils the lingers* "Mir dirtiness uf coal is due lu thr 
presence in quite small munmls or a iburth type of mate rial 
called /(imin wftumk, ft consists of thin Hakes «f extremely 
friable 11 mineral charcoal " which are distributed over certain 
surfaces at intervals through the seam. Goal naturally splits 
vety cattily along these surfaces, and as the fusitiiic readily 
crtim hi ns to powder the broken coal I h: comes dusty. 

All l he types of coal are intensely opaque, and it ts necessary 
to make sections ten times as thin as those of ordinary rm b 
before light can penetrate the material that microscopfe 
examination becomes possible. A translucent film of vitriolic 
1/Id,width of an inch in thickness it itn lunger black, hut has a 
rii h golden brown or reddish colour. It is (bund t.. consist nf 
bark or wood, each band representing a single fragment. 
Sec lion A of Plate 7 j > shun a highly magnified sample of 
typical vttrinitc in tv hie b the cellular structure of bark is 
perfectly preserved, flic material dearly cturcspcmcls to the 
humified bark found in peat. 

Fusinite* similarly examined, also turns out to be wood nr 
bark, but only the carbonized cell walls remain, the cells being 
empty or occupied by ash, It represent woody mui luher 
fibres that escaped humification, though hnw they became 
altered into charcoal is a problem th.it remains unexplained* 
Some .if the fusinite may be the charred rdics of forest fires, 
but must of it appe ars to have been formed after burial during 
the process nf “ cf.alifii alion.” 

Unlike these two types, which are unit constituents of 
uniform composition, durain is found to be an assetnbbgr of 
minute particles, like the organic ooze of peat. It contains 
the resistant coats of spores, more or less crushed and flattened, 
microscopic shreds uf vitrinite, lenticlo and grains of fusinite, 
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and hlcbs of refits* w ;m obscure matrix or debris too finely 
ram crated to \>r identified. Section u of Plate 7fi is exit from 
a band of dull sporc-coa]* and shows durain consisting of 
miciospore (flmJe) and mac reports i female) embedded in a 
dark matrix- In Section c* cut from a banded eoal T the upper 
portion is pan of a band of duram showing the same features, 
F fhe lower middle pardon is a band of vitrinitc formed mainly 
from compressed bark. Part of another band of duram, with 
redcrDsporcs, is sera below, 

Qarain contains die mmc ingredient? m durain f but in 
very different proportions, "Flic well laminated structure and 
brightness arc due to the presence of abundant clt&dy packet! 
strips of vitrimte. The intervening lamina: of durain-Jikt 
material arc extremely thin. A very highly magnified thin 
see lion of ctnrain would thus have an appearance not unlike 
the more coa^cly banded coal ill list rated in Plate 70 c, Clarain* 
indeed, h a sort of microscopic replica of a scam of bright cod 
in which bands of vitrinitc predominate. 

Canned coal is essentially durain which ii especially rich 
iu spore casei- and other waxy and resinous remains. There 
are transitional varieties to wards damn on the one hand 
and towards the algal-rich logheads on die other. 

Lignites and amhradttt are found to consist of the same 
structural typet of material as bituminous coats. The variation 
in properties thimjg'hDut die scries depends partly on the 
proportions in which the type ingred fonts are present,, and 
partly on the degree of alteration which they have suffered* 
l «\ on the rank of the coal, Fuaimte* for example, b highly 
iiifiamiiiabfo^ because in friability and high porosity make ft.LT 
easy oxidation, Coal-duait explosions — formerly a serious 
menace to mining before precautions were enforced—result 
from ibis dangerous property* Spore case and resins are rich 
in hydrocarbon! * consequently dull coals and cannels yield 
lar more gas and tar than the bright couh of intermediate ranks. 
Flic latter, Hiiweverp ate excellent for household purposes. 
Steam coal, suitable for use in locomotives and ships* is of 
higher rank f transitional towards anthracite. It burns with 
little smoke, but ignites mote easily than anthracite and has a 
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high heat-producing capacity. 1 lie properties of anthracite— 
slow ignition and slow burning, with interne heat and no 
smoke—are determined entirely by its high rank. Even such 
spores as may still be detectable have beat reduced to ghostly 
carbonized relics. 

Coal Slams and Goalujiiju 

The essential conditions for the development of a coal seam 
are (a) long-continued growth of peat ; and | A) subsidence 
<>[ the area and burial of the peat beneath a thick accumulation 
of sediments. The peak period of coal formation war the 
Upper Carboniferous, Hercyui.m movements ihm provided 
the extensive, rhythmically subsiding basins in which (he rdi- 
mettu and coal seams of the Coal Measures note dcjHisited ; 
and provided them, moreover, along a belt running through 
North America (bordering the Appalachians), the British Isles, 
and parts of Europe and Asia, where the climate was then hot 
and the vegetation luxuriant. 

There arc no coal fields earlier than the Carboniferous. 
Land plants capable of preservation make their first feeble 
appearance only towards the cud of the Silurian. By ( arbemi- 
femus times, however, a rich .mid prolific flora had developed, 
and tiic fovdlircd remains of mute than three thousand species 
are already known. The chief coni-makers were tall forest 
trees [Ltpidadriidrmt and Sigiiitniet, with widely spreading roots 
known as ■ Stigmaria) which grew to heights of os much :is a 
hundred feet ; and giant reeds railed Catamites (the ancestors 
of tlic little horse-tails of today) which Jlourisked in bamboo- 
like thickets tu a height of fifty feet or more; together with an 
undergrowth of smaller rushes and ferns, and slender plants 
of trailing or climbing habit* [Fig. 170 . No flowers or birds 
enlivened these gloomy jungJ.'s, but insect.' —again of extra¬ 
vagant size—were abundant. 

Practically all seatm nf bituminous coal and anthracite 
have certain characicrittlr* width arc consistent with the 
theory that each seam represents the actual site of the swamp 
in which the parental vegetation lived and died, 
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FiA, ITfP 

Rotcmimjctiuu of « JiifcH 


(a) The " *cat earth ” which forms the fleer of a iram u a 
hish'gr.ulr fireclay useful for making refractory brinks)* It b 
riddled with innumerable rootlet* of the plants which fmt 
colonized the swamp, and may erven contain casts of sitgmarian 
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COAX. SEAMS SWt> THFJR QRHJIKS 

roots, often in the position of growth. The trunks either 
rotted away above water level or feJI into the swamp to con¬ 
tribute to the lower Dart of the seam. 

(&) The roof of liir seam sometimes contains easts of (he 
minks of great forest trees, These represent the generation 
that was drowned when the swamp conditions were brought 
to an end, for the time being, by subsidence and general 
inundation. 

(c) Seams are generally of very wide extent, sometimes 
covering areas of thousands of square miles with but little 
variation in thickness, 

(</} Seams arc locally interrupted by M wash-outs,” that is, 
by rhe sandstone-filled channels ofstreams that (lowed through 
the forest swamps, like I he ilbtributaries of modem deltas. 

{e) The roal contains no ilish remains or other fossils of 
aquatic animals, and (except in certain bands of durain) is 
uncontaminated by muddy sediment, Such ash as remains 
when the cowl is burnt is derived either from the vegetation 
itself or from carbonate minerals and pyritc (the brassy¬ 
looking material sometimes seen in coal1} subsequently deposited 
in cracks from ground-waters. Seams and bands of the durain 
type may, however, leave a little sedimentary ash. These dull 
coals seem to have accumulated in stretches of stagnant water 
into which ,l limited amount of line sediment might be intro¬ 
duced while the delta rivers wrrr in Hood. 

In the special coals—the eatmek and bedheads—muddy 
sediment is much mine abundant than in durain. Moreover, 
these varieties contain the remains of fish and other aquatic 
organisms. The water in which the mud-contaminated ooze 
accumulated was therefore not stagnant, but was continually 
renewed and oxygenated, Evidently Uiesc coals were formed 
not in Jiftt, but from plant debris that was drifted by wind and 
running water into lakes with a through drainage. Such con¬ 
ditions would also arise locally in the hollows of a peaty 
surface just beginning to subside, Matching expectation, thin 
(entitles of canned of limited area are found lo occur at die top 
of many seam* of otherwise normal coal. 
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BRITISH COALFIELDS 


qucntly occur. As they are full owed up the shales become 
sandy and pass into sandstones, sometimes with shaly 
interniptiom, Then follows (Jib seat earth that underlies 
the next coal. The picture is clearly one of repeated alter¬ 
nations of phases of subsidence and phases of comparative 
rest. 

The suiciding regions developed into widespread tectonic 
basins lying between rising tracts of country which supplied 
the basins with sediments and kept them filial Hie floorof 
part of (he South Wales coalfield sank mure than 10,000 Jed 
in all, while to the uorth a persistent ridge of higher ground 
separated the southern basin from the vast area of irregular 
depression in which the northern coal fields origin a ted (Fig. 
ItiO). The sediments of this group of coalesced basins came 
mainly from an upland region now represented in part by the 
Highlands of Scotland. 

Evidently at this time both the British area and the 
adjoining parts of Europe (Fig, ►00) were being warped into 
basins and swells by pulsations of pressure associated with the 
Mercyniaii mountaiu-huiIdiot; movements. The latter were 
already in active progress farther south. By later movements 
the basins and their contents were thenudvrs buckled, folded, 
and faulted. Flic dominantly tiptitided portions, bcimt ex¬ 
posed io denudation, have since lost their original covering of 
C4)nl Measures, The downi'cildcd portions, however, have been 
preserved as the isolated coalfields of to-day ; either where the 
Coal Measures are exposed at the surface, or, like the coal field 
of Kent, where they are concealed by a blanket of Jater 
deposits. 


PETROI-EirM 

Petroleum (Gr. p<trn, rock, L. Mtatn, oil) is the general term 
for all the natural kytlaH'arbyni^whcthcr gaseous, liquid, or 
solid—found in rocks. In common usage, however, it refers 
more particularly to the liquid oils. Gaseous varieties are dis¬ 
tinguished as natural gas; Highly viscous to solid varieties arc 
Called hitmntn or asphult, but the latter term is aliu applied to the 
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bituminous i endues left when petroleum L= refined* and to 
Tiaiur.il and artiftdal paving materials composed uf $and> 
gravel, etc., wiih a hiftmimou* cement* 

Petroleum combis of an extremely complex mixture of 
hundreds of HUlercin hydrocarbon^ generally accompanied by 
small quantities of related compounds mntaming nitrogen, 
sulphur, or oxygen*. The hydrocarbons fall into a number of 
natural series of which the paraffin series is the most familiar* 
Its members, all of which can be expressed by the formula 
range from light gases \t,g. median c„ GH|> the chid 
constituent of natural gawl r through a long >crics of liquids (the 
chief ingredients of successive products i»r fibrillation such as 
petrol* paraffin oil T and lubricating oil), to parafhti wax (in* 
eluding CsrtH (: and higher members)*, Crude nils in which 
ihfcc hydrocarbom predominate are -..lid to have a paraffin 
base ; they are generally ol pair colour vrith a yellowish or 
greenish hue. The darker brown and greenish oils generally 
contain a high proportion of the naphthene series, each 
member haring a cQmjxjairion of the type CT! W . These 
furnish heavy fuel oils and, as they leave a dark asphaltic 
residue on Ijcing refined, they are said to have an asphaltic 
base. Intermediate varieties have a mixed base of wax and 
asphalt. In all crude oil* there are also smaller proper- 
lions of several other series, including acetylene and its 
higher members, C^H**-*# and a great variety of aromndr 
hydrocarbons, uf which the benzene series, Is an 

example. 

To avoid confusion it should be dearly understood that 
neither oil shales nor the cannd and boghead coals contain 
petroleum as such. If they did* it could be dissolved out by 
carbon disulphide* They do, however, contain pyra-btiuminous 
substances width ean br altered into oil and bitumen by heat* 
Such deposits can therefore be made to yield a group of 
petroleum products by destructive distillation. Petrol and 
related products can be obtained in commercial quantities 
from ordinary coal only by highly urthnka] processes involving 
the in rim site introduction of hydrogen into mutably prepared 
coal at high pressures and tempt: 1 inures. Petrol can also be 
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made from iht heavier and less valuable oils by a similar but 
less elaborate process of hydrogenation. The following i-thle 
summarizes the sources of oil and related products : 


iiitotTTMHitt faff'll 

0/ 

Ptirwam 

ihpKiiU 

datrwlk* Jviiltutim 

i drfritiis 
fHfmrvtg 
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flriMTun ynrl rrnii^i.tl 

wax 

Tpj Kindi and uplulK 

SprciaJ Ckrtk± 

Cannot 

Bo^heuii 

Q ii-a Imlei 

Ordinary emit 


Being fluids, oil and gas behave very- much like ground- 
waters. They occupy the interstices of pervious rocks, such 
as sand and sandstone and cavernous or fissured limestones, 
in places where these “ reservoir racks " arc suitably enclosed 
by impervious rocks, so that the oil and gas remain sealed up. 
Accumulations on a scale sufficient to repay the drilling of wells 
are referred to as oil or gas pools. The *' pool,” however, is 
merely the part of u sedimentary formation that contains oil 
or gas instead of ground-water. 

The Ortqtn or Petroleum 

Unlike coal, petroleum retains within itself no visible 
evidence of the nature of the material from which ii was 
formed- It has been suggested as a purely speculative possi¬ 
bility that oil may have been formed by volcaiut or deep- 
sealed chemical processes akin to the production of acetylene 
by the action of water on calcium carbide. But these hypo¬ 
theses are ipike incompatible with the geological distribution 
of oil and w ith certain peculiarities of its composition anti pro¬ 
perties. All the relevant evidence points convincingly to an 
organic origin. 

(a) Some of the constituents of petroleum have the pro¬ 
perty of altering the direction of vibration of light rays, t lids 
"optical activity " is characteristic id certain substance:, pro- 
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duccd by plants and anim als, but is not shared by the hydro¬ 
carbons and reined compounds generated by purely chemical 
reactions. 

(A) T he nitrogen- bearing constituents of petroleum include 
a group ’I compounds called porphyrins which can Lie formed 
niil y from the green colouring matter idthiropityll) of plants 
or from corroponding; colouring substances of animal origin. 
Oil-shale* rich in algal remains afro contain vegetable por¬ 
phyrins. In the practice of oxygen the porphyrins are quickly 
destroyed, and their persistence in oil indicates that the latter 
must have originated in an environment from which free 
oxygen was absent. Although the porphyrins derived from 
vegetal ion are moire easily oxidized than those of aninud 
origin, they are, n evert lid ess, the dominant type, it is therefore 
probable Mud plant hfr has contributed to the raw material of 
petroleum more than animal life. 

(e) Oil is not found hi association with volcanoes or 
igneous rocks, except accidentally. West of Edinburgh, for 
example, oil shales have been invaded by intrusions and 
Volcanic necks, with results comparable to those obtained 
when oil shales arc distilled, Oil so liberated by mctumfirphism 
would uatu:ally migrate into overlying sandstones, and there 
it is still occasionally found. No major oilfield, however, lias 
originated in this way. About 70 per cent, of the world’s 
known oilfields have been located in marine sediments of 
Cretaceous and Tertiary age, generally along the flanks and 
in the less closely folded portions of the Tertiary orogenic belts. 
Most of the remaining fields occur in the PnhfcozOk sediments 
of North America and the U.S.S.R. in the geosyndmes and 
marginal basins of earlier ages (ej. Fig, 182}, No oil pools of 
commatisl importance have been found in sediments older 
than the Ordovician. 

(d) The exist erne of pre-Carbonifemus oilfields suggests 
that land plants were not cnemial to nil formation, and ihfr 
inference i< strengthened by the important fact that no signifi¬ 
cant lateral cotmet ti«n between coal seams and oil pools has 
anywhere been traced. The two may occur in close association 
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by some accident of i uniting, and one may lie above the other 
in a sequence of varied strata, but in neither case has the 
association any bearing on the origin of oil. While it is not 
impossible that drifting rdies of land vegetation, swept into 
the sea by great rivers, may have contributed to nil formation, 
it is likely that such a source was quite subsidiary to the con¬ 
tributions furnished by marine algae and diatom*. Moreover, 
wherever the condition* were *urii that organic residues from 
marine plains could survive, they must equally have favoured 
ihc ace lira ulation of similarly imcanstuned remains oiToramim- 
fera and other forms of animal life. 

The various lines of evidence all lead to the conclusion that 
petroleum has originated from organic matter which became 
incorporated in the sediments of depressed regions of the sea 
Hoot. The organisms nourished in the surface waters, and 
their dead remains sank into stagnant depths with a marked 
deficiency of oxygen, where bacteria alone could live, and 
where tliey were safeguarded from being either oxidized or 
eaten. Indeed, under these conditions oxygen would be 
actually abstracted by bacteria, and the organic matter trans¬ 
formed into fatty and waxy substance. For an example of 
Ihc early stages of oil formation, in progress at the present day, 
reference may be made to tile muds now collecting in the 
deeper parts of the Black Sea, Samples dredged up contain 
os much a* 25 per cent, of organic matter, and 10 per ce nt, of 
this ha* already been changed into heavy hydrocarbons, 
soluble in benzene. The solution, moreover, is green and 
contains traces of chlorophyll. The oil first generated in 
mud is mainly bitumen composed of large molecules* The 
lighter hydrocarbons of the paraffin series appear to be later 
derivatives, produced by a kind of natural refining brought 
about during burial by increased pressure, rising tempera¬ 
ture and continued bacterial action, Bacteria are known 
to exist in die ground-water* of certain oilfields. The details 
of those later developments are, of course, very difficult to 
trace. 
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Migration and Concentration or Petroleum 

The sediments in which petroleum had its origin are culled 
the same rocks, to distinguish them from the nserwir /neks in 
which oil and gas lire now found on a commercial scale. The 
reservoir rocks carry far more oil than could possibly have 
originated within them and, moreover, they comm only contain 
fossils of the benthos group which lived on the Ixittom in shallow 
oxygenated waters where no appreciable quantities of organic 
matter could have survived* The source rocks, on the other 
hand, must have been muds and calcareous deposits with 
fossils, when preserved, corresponding to the organisms (mainly 
iif tjic plankton croup) which contributed the raw' materials 
uf petroleum. An oil pool 1% in fact, a concentration of oil 
which has migrated from the source rocks into phurs where it 
could draw to a head and accumulate. 

Source fo«h such as clay and shale are now compact and 
impervious, But while they were still tmronsolidated they 
contained a high proportion of sta-water carrying dispersed 
globules of oil. During this stage circulation of the mixed 
fluids would sooner or later become possible, in response to 
pressure differences set up by a varying overhead load or, 
more effectively, by earth movements. As the source beds 
become compressed, the squeezed-out fluid:! pass into more 
coarsely porous and less compressible formations, such as 
sands. Once the oil has been flushed into these permeable 
beds it may be carried through them for Jong distances, but 
it cannot again escape from them, unless the overlying rocks 
are fissured. If the mixed fluids encounter a sediment with 
very fine pores, the water may filter slowly through, but the 
oil is held back. Within the sand or other reservoir bed the 
oil trickles upwards ihrough the water until it comes up against 
an impervious barrier and collects there, 

lu general, then, oil migrates outwards and upwards from 
the source beds, passes into coarsely porous or feu red reservoir 
beds, rises lo the highest possible level, and collects into an oil 
pool wherever the structure provides a trap which impedes 
further migration. Gas, if present in excess of the amount 
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that the oil can halt) in solution, bubbles to the top and forms 
a gas cap over the poof. Beneath the pool the pore spaces are 
occupied by gnmnd-wiuer (often salt) which is commonly under 
a very considerable hydrostatic pressure. If the pressure and 
gas content arc sufficiently Mi'll, the oil pushes out like an effer¬ 
vescent fountain when tlic pool is tapped by drilling. But 
when the pressure conditions are irmifftiiem to drive the oil 
tu the surface—or become so as the initial pressure falls off— 
pumping is necessary to bring it up. 

In accordance with the principles of oil concentration a 
dome or anticline of alternating pervious and impervious 
sediments makes an efficient trap fur oil migrating towards it 
(Fig. lKlit). Isolated open anticlines surrounded by extensive 
gathering grounds have a much better chance of being; pro¬ 
ductive than more closely pat fccii folds. Nut only have the 
latter to share a limited supply, but they are likely u> b r too 
much broken and fissured it? re lain any oil and gas that passed 
into them. 

Although the "anticline theory” of oil concentration 
dominated the search for oil for many years, it gradually 
came to be realized that anticlines are far from being the only 
traps, or even the most productive. The early discovered oil¬ 
fields of Pennsylvania, for example, occur in a bread sedi¬ 
mentary basin in which the formation* still remain practically 
horizontal over widespread areas. Here the nil pmcb occupy 
lenticular bands of porous sandstone Which paw laterally, .n 
well as vertically, into shales i thus the oil is sealed within an 
impervious envelope (Fig. iSJr). Oil pools occupying the 
upper ends ol tilted reservoir beds are also of great importance. 
I he tilted bed may pass laterally into shale, or it may lie more 
abrupdy cut off by an impervious barrier. The obstacle 
may be a fault throwiisun impervious bed against the reser¬ 
voir bed (Fig. ISIA) I f>r h hill belonging to un uxicltriu lund 
surface which was uticonformahly overlapped and l uried by 
a brier series of petroliferous strata * Fig. Ul d) ; or a salt dome* 
which has been intruded into a thick series of sediment* 
[Fig. LBlf)* 

Sail dome? arc curium vt nurtures. occurring in great 
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numbers along the Gulf Coast of tin- United Stale* and in 
oilier regions where salt depths have been deeply buried* 
Being plastie under iiijjb pressure, the sail ii squeezed towards 
phi’r.^ sil wraknrw m the sedimentary' rover, It then develops 
inio .> piny which ascends through the cover, perforating and 
doming up the bed- it* it advances. Some salt domes rise from 
depths of four nr five miles. Jn Iran some of Lhcm bulge up 
the >urku r-, arid thnst- tllut are still actively rising pierce Lhe 
iriHii’ and escape down dip slopes as *' glacier* 1 trf salt, The 
simple ease ill w traced in Fig, I8t, shows oil accumulating 
against the walls of & salt dump. Oil may also be dammed 
hack by faults prod need in die surrounding rotJts by the upward 
drag of the intrusive salt, and finally, it may collect in the 
domed sediments over the roof. 

Oil ia ma nixe^an]y T or even generally, confined to a single 
reservoir ImxI in a given field* Any suitably placed formation 
may have been led cither Irntn an outlying primary source* or 
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ESCAPE OP NATVRAI. GAS 


vis an underlying pool, the oil from which escaped upwards 
through fractures in the intervening impermeable beds, Gas, 
in particular, readily migrates to higher levels, and in many 
places vast quantities Occur alone. Thu reflects the natural 
tendency o! some varieties of petroleum to differentiate into 
asphaltic and gaseous fractions, if the reservoir begins to leak 
after such fractionation liar taken place, the mobile gas moves 
on and leaves the sticky asphalt behind. Most of the gas 
encountered by drilling was formerly discharged into the air 
and wasted. But. now it b welcomed, not only as an cosily 
distributed source of power and illumination, but still more 
because its heavier constituents can be condensed into petrol. 


The Discovery or Oit. wwi.in 

Wherever the cover of a reservoir is perforated by' fissures 
leading up to iht surface, leakage of gas ami oil becomes 
inevitable. Moreover, denudation may strip off ihc covering 
rocks until gas can force a passage through tile roof and so open 
a way (or the subsequent escape of nil, Tims the most obvious 
indications that a region is petroliferous are a) seepages and 
springs of gas or oil; and (b) superficial deposits or veins of 
asphalt and other more or Jess 11 solid ” residues or petroleum 
left behind after the Volatile constituents have evaporated. 

Inflammable gas may be found bubbling through the water 
of springs and wells or streams, In a few places gas escape* 
on a mote spectacular scale. Historical records shots 1 ilul 
vigorous gas jets may persist for many centuries. Blaring jets, 
like the “ perpetual fires " along die Caspian coast near Baku, 
were lung regarded with veneration by Fire Worshipper,. 
Where gas erupt* through waterbearing strata ant! days it 
Carrie up wn mud and spatter U around the vent until a 
mound is built up with a crater at the summit. Groups and 
rows of there “ mud volcanoes," fscrurring on the crests of 
anticlines or along faults, are w ell known in Burma, Trinidad. 
California, and various other Joc;tiiric5. Eruption may be 
continuous or spasmodic, according to the gas pressure and 
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tilt nil* tire of the obstruction to be overcome* There is* ot 
course, no connection with ordinary volcanic activity. 

Flowing springs of oil emerge at the ttirface in »om« 
localities, but more commonly rhe cxudflriflpg are 
and the oil may be seen only as iridescent film ! on wafer. Hm 
largest surface a shows 15 arefandft cemented with residual 11 tar pp 
(bitumen ] 7 or localized deposits of more concentrated asphalt* 
These residues may eventually ping up the outlets and so pre¬ 
vent further losses from depth ; but, on the other hand, they 
may be all that remains of un otherwise dissipated oil pool* 

Evidence of the use of bitumen in Mesopotamia dates b.n:k 
lo very ancient limes Long before Noah caulked his Ark with 
asphalt, the value or bitumen for cementing and waterproofing 
purpose* had hern me familiar to the Sumerians (41M10 B.c.). 
4"he whole region of the Middle East, from the Gatitasus to 
Iran* M now known to hr richly endowed with concentrations 
of oil* The famous asphalt Jake of Trinidad, first described 
hv Lery in IT^H* is still being replenished from underlying ml 
nantb, but much too slowly to keep pace with the immense 
qnantities removed each year. Another well-known occurrence 
is near Iaj s Angeles, where crater-tike depressions blown out 
by gas have been filled with deposits of asphalt, Here: the 
skeletons cf a great variety of prehistoric animals arc found m 
a perfect viatc of preservation, their unfortumite owneri having 
brakett through the surface crust and become helplessly mired. 

The first oilfidds to be discovered were naturally found by 
digging wdb in ihc neighbourhood of surface Afc show*,™ 
Man) centuries before the Yenaugyaimg field of Burma 
i Plate 77 a; was developed by modern methods I he Burmese 
collected oil front surface exudations and later ficun shallow 
hand-dug wdfe + Yeiiangyaung is Mic classic example of the 
concert trati on of oil in I he sands of an clung a led d ome. Oldham 
was i he first geologist lu survey tlir an:a, and as early 1650 
he pointed uui the importance of amidinaj structures as nil 
traps. Nevertheless iiule call wax made on the services of 
geologists uniil after tflim, when dir demand for oil began to 
accelerate, finii for mo lor transport, then for aeroplanes, ami 
eventually fur war purples and national security* !l wax then 
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renliied that the systematic discovery of oil involves the search 
for potential oil traps, that is to say, it demands the detailed 
geological survey of all the regions in which oil might con¬ 
ceivably lie hidden. The search lor oil became a geological! 
enterprise. 

It b obvious, however, that in addition to the favourable 
structure-, that can be focaicd from cm tern ps at the surface, 
then* musl be some that cannot be detected to this wav, and 
otheis that lie concealed by rrapical forests or marshes, by 
spreads of alluvium, boulder day, desert sands or loess, or wen 
by the sea. Hidden anticlines and structures such as the 
buried hills and salt dome illustrated in Fig. IM can be 
detected by the gravity anomalies fp, 404) to which they give 
rise. Significant structures of all kinds can hr explored by 
their effects uit artificial earthquake waves p, 371). Sucii 
waves are generated t<< order by exploding a charge of dynamite 
in the gmmd, and the waves reflectt^f or refracted back to 
the surface hy the racks encountered in depth are then recorded 
by seismographs placed at suitable distances from the point of 
explosion, Many hundreds of sail domes, for example, Jtave 
been successfully located by this method. Magnetic and 
electrical methods of exploring underground structures have 
also been devised. 

Tile discovery or a favourable structure docs not, of course, 
guarantee that oil will be found. On the other hand, the 
abaener of surface indications K no proof that oil will not be 
found ; it may also mean that the oil, if there, is sealed in so 
efficiently that it cannot escape. Whether oil is present in 
commercial quantities or not can be finally determined only 
by the practical lest of sinking wefts to strike the parts of dm 
suspected reservoirs where oil is most Jikdv to l>e concentrated. 

In the early days of the oil industry a few important oil¬ 
fields were found mote or less by accident. Well* drilled for 
water, for example,soinetima. strike oil. Moreover, there have 
always been optimistic operators willing to risk their capital 
and lake a rhante by sinking 11 wildcat " wells on sites selected 
for some quite unscientific reason. Only 3 or i per cent, of 
these speculative ventures have proved successful, but die 
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fnbnJouj profits that reward aucr.ess continue to encourage 
wildcat prospecting. It 1 $ a remarkable fact that the first 
indication of the existence of a great oilfield in East Texas 
was di: covered in 1830 merely by drawing u line between two 
of the already developed fields of Texas and Louisiana and 
drilling along in In twelve years this prolific field produced 
over 300 million tons of oil from about 30,000 wells in an urea 
of 7 miles by 40 p and it will probably yield at least as much 
again before it b exhausted. This is a world record so far. 
The following production figures for the la*t foil year before 
the War serve to illustrate die general dhtributixm of oil by 
countries : 


Petroleum Production (in tow) in I 03 S 


US A. , > . . 

167,706,000 

Fern * 

2 f lH6 r 0t>0 

u&Mi . 

30,630,0 

Burma and India. 

. 1,436,000 

Venezuela - 

AT,(JST,U00 

Bahrein . . 

, 1,117,000 

Iran _ 

10,192,000 

Caiuida . ^ „ 

. 883,000 

Dutch East Indies 

8,104,000 

Germany , T , 

. 600,000 

Rumania . 

0,761,000 

Poland * + 

, 841,000 

Mexico 

5,434,000 

Japan * * . 

. 344,000 

Iraq . * , . 

* r a9«,ooo 

Ecuador * * 

. 391,000 

Columbia , . . 

3,068,000 

Lgypt ... 

. 323,000 

Trinidad * „ 

&K1,000 

■All other countries 

321,000 

Argentina . 

2 ) 38fl,0feo 

Total. , , T 

275*806,000 


fhe total world production up to the end of 1838 is estimated 
to have been about seventeen time;; die IMS totah and the 
proved reserves at that date amounted to about sixteen years" 
supply at the 1838 rate of extraction. However, as new fields 
are cnniinually bemjs discovered, it & not likely that any 
serious shortage of oil will be felt for many vtais to tome* 

A particularly significant fact b that -14 cent, of all the 
oil already won liai been contributed by the United Slates, 
iUthougb its temkirie* include only I ft per cent, of the worlds 
tniai area of im metamorphosed marine sediments of Palaeozoic 
and later ages in which oil might be expected to occur* Let 
us call 54/15 or 3*fi the relative productivity of the United 
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Stales. Then the wurcfpondliig productivity for all the rest 
<jf the world h Sxl r>r 0 *a4» I'his means dial ^trvcn lime* 
timie nil has been obtained from tlm marine sediment of the 
United Staler than frrsm the similar sediment! elsewhere, Ycj 
I ram -l geological point oF view I here is ?vn obvious raison why 
the United States area should have been so specially Favoured, 
It may be conceded as probable that the United States \m 
more than an average share of the world** oil, but iL must not 
be overlooked that its citizens have sought for oil far more 
actively than those of any oilier country. Geologist* Jmvc 
been employed in making systematic surveys on a scale rivalled 
only by Britain and die U.S.S.R, (who, ho^vtr, began hue} 
and the clT<irU of wlklciiiiers have provided much additional 
information* well a^ a furprking amount of oil, despite the 
waslaye of effort inv. -Ivrd in the attempt to shqit-circuit the 
preliminary search for structures* Altogether more than a 
million wells have already' been drilled and the number grows 
by about 30,000 a year* Moreover* as the shallow pools 
became exhausted, wells have been £imk to evcrriiicrvaslng 
depths* One exploratory well in California has been carried 
down just over 15.(100 feet. In the light of this record o\ 
enterprise it Is impossible to rzthi the conclusion that the high 
rate of oil product inn and discovery in the United States 
rdlLVts the intensity of the search as well as the actual msniirces.. 
It may not unreasonably be anticipated that other lands 
lavoured with suitable sediments and si rue Hires may yet be 
rewarded with successful discoveries when the problem of 
finding oil h tackled with corresponding energy and efficiency. 
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PART m—INTERNAL PROt:ESSES AND 
THEIR EFFECTS 


Chapter ! I 

EARTHQUAKES 

Tm Nature or Earthquakes 

When a stone is thrown into a pool) a series of waves spreads 
through the water in all directions. Similarly, when rocks 
are suddenly disturbed, vibrations spread out in all directions 
from the source of the disturbance, Ait cirthqtjaltc is the 
passage of these vibration*. In the neighbourhood of the 
disturbance itrdf the shaking of the ground tan lie felt and 
the effects may be catastrophic, but further away the tremors 
die down until they can be detected only by delicute instru¬ 
ments called seismographs :Gr. snmas, an earthquake). 

Vibrations are set tip in solid bodies by a sudden blow or 
rapture, or by the scraping together of two rough surfaces. 
Corresponding causes of earthquakes in the earth’s crust are 
Volcanic explosions, the initiation of faults, and the movements 
of the rocks along fault planes. Perceptible Urctnurs arc set 
up by the passage of trains and Lanks, by avalanches an d 
lands!idcs t by rock Talk in mines ,md caverns, and bv explosions 
of oil kinds. When a munition factory explodes, the intensity 
of the resulting earthquake may be comparable with that «f 
volcanic earthquakes. 'Die majority of earthquakes, however, 
including all the most widespread and disastrous examples, 
are due to sudden earth movements, generally along faults; 
tluic- arr distbiguidicd as ta-(»nic earthquakes. The term 
tittomt (Gr. ttkttm, a builder) refers to any structural change 
brought about by deformation or displacement >.i rocks 
{(/, ard liter hire). 

The cause of tec tonic earthquakes is thus die application 
ol stresses to rocks until they are itrained to breaking point, 
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when i hey suddenly nipiure and move. The fault movements 
themselves as already described on 7S h may be cither 

vertirsil or horizontal or oblique. After the great Alaskan 
earthquake of it was possible from the presence ot 

barnacles dinging to the uplifted rocks of Disenchantment 
Hay to measure Lbc uplift, which in this eaJr readied an 
exceptional maximum of 47 feet. In Japan the crustal blocks 


Eta 

Japsu h showing mpvemffhB Jmodunl with the cnrib* 
w|fK»um 10^, Vcrtk^J dtipLat^fnrdtv fam% a Hn* inrhci 

LO lev(ml fees Ate indicated by thadijtEc on ibt down t3] raw deir *A liuf twit 
[xnn> 3 IcirLift-jnlal relation bi a rforVfti*r difeettan 11 tndififtfl bv slatted 
ILn«, with numben nrpracntms d*e ttUpliC*ninU ai wkw J.ic*hri« in fan 


often move obliquely, both vertical and sideways movement* 
being observed. Surveys t arried oui after the Sa garni Bay 
earthquake of whcti Tokyo and Yokohama were wrecked, 
showed that the floor nf the Bay and the surrounding main I and 
had twisted round a little in a clockwise direction, the observed 
shift of Os him a bland being over 12 feet Fig* 183). Both in 
Japan and the Philippines the horizontal limit displacements 
indicate a general southerly movement of the Pacific side. 
On the other hand, the horizontal movements along the San 
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Ciult movements, each like the one responsible lor the 1906 
earthquake when the maximum lateral shift was 21 feet* 

^ lien the rocka arc nearly at their breaking paint, an 
earthquake may be precipitated by same minor, but quite 
extraneous agent* such as a high tide* a rapid change of 
barometric pressure, or shaking by an independent earthquake 
originii ti n g elsewhere. J hu - . ui 1 .. a- the occasional association 
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Andreas fault in California point to a northerly movement on 
the Pacific side (Fig; I Si), Alnnj^ one stretch of the S:io 
Andreas fault., deep ravines in the hillsides on the continental 
side of the fault arc abruptly displaced* reappearing on the 
seaward side 1 £0 feet to lius north-west* This probably repre¬ 
sents the cumulative effect of several comparatively recent 














EARTHQUAKE PARAGE 

of carthq uakes with great storms or with Other earthquakes. 
The principal shock, which generally lasts only a few seconds 
or at most o minute or two, may he preceded by feirc-s hocks* 
and is invariably followed by a series of after*ihocks+ The fore* 
shocks represent the preliminary loosening and removal of 
small obstructions along a fault plane or atone. When these 
have been overcome, the main movement occurs. But complete 
stability ia not restored immediately, and moreover* the Jolt 
often duturbs adjoining fault-blocks. The after-shocks repre¬ 
sent the minor movements as the region gradually fettles down 
again. Considering the whole earth* earthquake of one kind 
or another take place every few minutes, hut many of these 
arc so alight that they arc known to have occurred only from 
Instrumental records. Really severe earthquakes, winch would 
be catastrophic in populated areas, take place about once a 
fortnight on an average. Fortunately most of these originate 
beneath the continental dopes and do little damage. 


The Effects of Earthquakes 

One of the most dimming and disitstrous feature of a 
gn:at earthquake near its place of origin is rhe passage of large 
AB surface :s waves over the ground* which is thrown into ever- 
changing undulations The latter may be only a foot high 
and 30 feet or so from cm! to crest, but the rapidity of their 
rise and fall often gives I he terrifying unpreuioiL thug the 
ground is writJiiug *■ like a storm-tossed aca. 11 Figures gape 
open at the cits ts, only io dose again as ihc waves pass and the 
crests turn into troughs. Roads Ate cracked open (Piste 78 a\ 
railways arr buckled and twisted (Plate ?S&)* bridges collapse 
{Plate 71*), and building are shaken down. Oq the sea floor 
telegraph cables may foe broken* The surface waves arc a 
local by-product of the norma] earthquake vibration*, which 
are of a much -smaller order. In the Assam earthquake of 
1807 the ground vibrated more than two hundred times a 
minute, each to and fro movement bring more than a foot 
in range. Such rapid shaking through even an Inch or two 

3ht 


feAftnigtMK&s 

would be highly destructive* A ranger of a quarter of an inch 
would suffice to wreck rruK^t buildings not specially constructed 
to resist earthquake shocks, and one of Ti .\ |i(i inch cats be felt. 
The effect on the feet of the vertiraj vibrations in a strong 
earthquake hm been described m like the ts powerful upward 
blows of a monstrous hammer / 1 

In die region of desiruction landslide* are set moving on 
valley sides* and avalanches arc started in snowy niountains. 
Clarices are shattered and where they tmniimie and break 
off in the sea icebergs become unusually abundant. Vast 
masses of wet sediments may be so loosened by submarine 
shocks that they dump for miles down the continental slope. 
In Sugdrnj Bay in lW2!i parts ■>! the floor were thus lowered by 
l f ouo ia 1,600 feet, other parts bring correspondingly raised* 
Underground water is greatly disturbed by earthquakes, and 
new lakes or swamps may he formed and old otic* drained. 
Compression oi water-filled sands, especially in alluvial 
d i stricts , forces the water to ascend through fissures and often 
to issue at Lise surhce in powerful sandy jets around which 
sand-craters develop. 

Strong submarine earthquake* are followed by seismic sea 
waves, technically called hunamis • Japanese;. The celebrated 
la.dK'ts earthquake of 175a, probably the greatest on record, 
originated in a midden subsidence of the sea floor to the west 
At Lisbon the sea withdrew immediately after the principal 
shock* only to return us a gigantic wave* about 40 feel high, 
which swept across the lower parts of the city and completed 
the min and desolation, 1 he ebb and flow of the sea eon tinned 
for some rime after the first wave, this bring an inevitable 
charticteristic nf all tsunami*. The Lisbon earthquake was of 
sudi exceptional severity that lakes were set oscillating as far 
away as Loch Lomund md Loch Ness* where the water 
continued to rise and MI through a range of two or three feet 
for about an hour* 

The appalling losses of human life that accompany great 
earthquakes in populated arciis are mainly due to secondary 
causes such as the collapse of buildings, fires, landslides, and 
tiunamiy. Gas maim are torn open and fire*, once started* 
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rapidly spread beyond control* nince the water malm are a ho 
wrenched apart. I n San Fmxirisco in i fKJfi far more damage 
done by firr Than by the earthquake itself. The Salami 
Bay earthquake of 1923 occurred just as the housewives of 
lokyo and Yokohama were cooking the midday meaL Fires 
broke out in ail directions and completed the toll of death and 
detraction. Two hundred and fifty thousand lives were lost 
and over half a million houses destroyed. In the loess contitry 
of Kansu in China t 200*000 people were killed in 1920, and 
another 100,000 in 1027 by catastrophic landslips oflocss which 
overwhelmed cave dwellings, buried village* and towns* and 
blocked river courses, so causing calamitous Hoods. 


IsoseismA i. Ltv^ anb Depth of Origin 

Within the area disturbed by an earthquake—which may 
be anything up to millions of square miles—the intensity at 
any place i* gauged by the effect* on buildings and on the 
ground fissures and landslips), on people„ and on seismographs* 
The intensity h Mated by reference to an arbitrary scale of 
twelve degree* (originally ten), of wind* die following is a 
brief summary : 


MoniFtEu stuRCAixr aovi.s: op ilm^tuquaj? w isr^mims. 


I i< to;- iiuinmmial,, dflfOfij vn 

octly hy irumoqTa |dci 
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hy jcmi tiv/ jjttmjiu 

lit [> Sfi] 5 ?i fkt t fc]l k pn^]r tt IX 
mt 

iv o m) m bv i*„pk x 

in swoon 

V i> IW>} kaibfT Itmrf, pFWpir nit; XI 
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LAJITHQUAXES 


The lu-iual intensity of the vibration* is measured by the maxi¬ 
mum acceleration of the ground : approximate values for the 
latter are given in rath rase in brackets (the accdcrudun ol 
gravity in the same units is U t S<HI mm. set. src.). From the 
centre of the disturbance the intensity decreases outwards 
inversely as the square of the distance, 

A line drawn through all places with the same intensity 



Fin. las 

Btati dUpfriHi iknhiftE Nwcbnl linr* and didr ifijiifui to ifu- cp >«nm iipd 
iti the wave fcido radUdog £hn« the Ibem of urthcjinb' 


L* an iuHtiimal tint (Fig. 185). Each one generally encloses 
a roughly drrular or elliptical area, according as the place 
of origin of the earthquake is a point-like or elongated area. 
The place of origin is called the origin ot focus, and the point 
or line on the surface vertically above is the epicentre or epictttUsi 
lint. By comparing ihe intensities at the epicentre and 
.dong an i50seism.il line, Oldham showed how the depth ut 
focus could be determined {Fig. 186). 



Inter;jiry a[ E = m [known] 

Juhmdty *E G =n (knqwn) 

G ei ai 4 Ilu cwpl dikLAftct *! fhj:n 
^ ^ =*■ stt unknown diatantT 1 * from F 
i i! 4n Unknown djdU|DcA4l^v^ F 


Fm + iHfi 


Dilgram lit dhutt*Le OMIlwtj i method (or ntimnwig iht drpih nf ihc foctifi 

or ILTi rtfjhquiU 
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DEPTHS OF ORIGIN 


By the inverse square law, 

n.m = h*jr 3 = sin* 0; tile angle# being thus determined, 
h - d mu 0 — the depth <j f ihr focus. 

From the records of fi.HOJ shocks in Ituly, Ol dham found that 
90 per cent. oF the earthquakes originated at depths of less 
■han ft km. (5 miles) ; nearly 8 per cent, at dcpilu between 
8 and 30 km,; and the rest at greater depths. Tectonic earth¬ 
quakes are now classified as 

Normal, when the depth of origin is 0 - CO km. 

Inifjrnrdiijtt, when the depth uf origin is 60 - 250 bm. 

Deep-focus, when the depth of origin is 2SK> - 700 km. 

Volcanic earthquakes, which may be due to gas explosions or 
to the formation and injection of fractures bv magma, are 
generally of relatively shallow origin. For this reason the area 
ol disturbance is correspondingly small (a few hundred square 
miles at the most), though die intensity may be high near the 
volcano. 

Distribution of Epicentres ; EAHTiioi AXE Belts 

Earthquakes may be recorded anywhere, but the places 
where they originate are confined to regions where earth 
movements or volcanoes arc active. Fig. 187 shows the 
distribution of known epicentres during the present ternary. 
Tltc distribution turns out to he essentially die vamc when all 
known epicentres arc plotted and, moreover, the distribution 
of the most severe shocks corresponds cloudy with that of the 
most fr'T|iient. It will hr n iticcd that most earthquakes 
nrigitiaie in two well defined belli : a Cijtvm-Paafit bill (68 per 
cent, of all earthquake?]-} with olfshoois from Japan to Yap 
Island and from Centra) America through the Wist Ladies ; 
and a .1 feiiiifmtntun belt (21 per cent, of all earthquakes) 
extending from die Cape Verde Islands and Portugal, through 
Asia Minor and die Himalaya. 1 ! to the Dutch East Indies, with 
a side branch from Tibet through China. Only 1 1 per cent. 
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of earthquakes originate elsewhere. Expressed in another 
way, the belts form two rings (cf* Figs. dtHt-lH' : one enclosing 
North America and most of Asia and Europe (known collec¬ 
tively as Lnuraritt'it anti the other enclosing South America, 
Africa and Arabia. India., Australia, and Antarctica known 
collectively as Gondumnaldtid}, From Portugal (q Burma the 
two rings coalesce. These belt* or rings arc also those of 
Tertiary and recent mountain building, Judged by the 
frcqucncy of catastrophic shocks, the most dangerous lands 
are, in order, die Philippines., Italy, China, Ada Minor, Japan, 
Mexico, and the Balkans, 

In the immediate nrighbourlit'id of arrive volcanoes 
Tectonic earthquake arc rare, though the latter may be 
numerous within a hundred miles or so. Earthquakes tend to 
occur most frequently and severely on die outer side? of 
mount aid and island arcs, especial! v where the slopes arc 
steep (as off Japan and the Philippines), whereas volcanoes arc 
generally aligned at some distance on the inside of the arcs 
(sec Figs, 211 and 213). Iti the earthquake belts steep dopes 
are direct consequences of geologically r e cent mountain build¬ 
ing, and tectonic earthquakes often originate beneath Fieep 
slopes because they result from the present-day continuations 
of the same movements, 

A minor belt of epicentres extends from Spiizbcrgeu and 
Iceland, along the mid-Atlantic " swell/' to Bouvet Eland in 
the far south. Another runs from tlirr Nile through the rift 
valley region of eastern and central Africa (sec page 433), with 
a aide branch from (he Gulf of Aden through the Indian Ocean 
east of the Seychelles. Even in the more stable regions of the 
continents and ocean floors, sporadic, dunks occasionally occur. 
In for example, a powerful earthquake originated be¬ 

tween Nova Scotia and Newfoundland. No place can lit 
regarded as permanently immune from 'hocks. Earthquake 
-ire rare in Britain and most of those that do occur can be traced 
to belated movements along ancient faults such as the Grr.il 
Glen Fault along the Caledonian Canal and the Highland 
Border Fault between die Grampians and the Midland Valley 
of Scotland \see Fig. JSu). 
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$F r ISMOGRAl‘ll5 AMI StiKMlC WAVES 

From Lite focus of an earthquake, waves arc propagated 
through the earth in all directions, and when they arrive at a 
scLsmdogical station they are recorded on idsunographs, pre¬ 
sided they are not too vigorous to put the instrument out ot 
at linn. Fig. ISK shows the essential parts of a common type 
of horizontal seismograph. The vibrations of the ground arc 
transmitted to a delicately poised, weighted boom which 
swings horizontally against a massive support which is firmly 
attached to the ground. The weight tends to remain stationary, 



Fro. 

FfcflgfM tfr ilJujtiflic thr «n*M para of a haixonl*1 p-tiKH^raph of iho 

MiEur-fihsw type 

and (he movement of the end of ihc bxmi thna reproduce!* 
the horizontal coinporant* of the vibrations of the support- 
A small mirror attached to the end reflects a beam of on 
to pitutngraphic papei wrapped around a drum which rotate 
on a long screw, so that while rotating it carries the paper 
along at right angles to the reflected beam of light. The 
vibrations are thus continuously recorded on die paper with 
a magnification that depends on the length of the reflected 
beam of fight. 

The record of a distant earthquake has the appearance 
illustrated in Fig. ISO, A first or primary pulse F is followed 
by rapid oscillations ; then comes a second pulse S, followed 
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EAftTHqivAKF WAVES 

by marc f^cilbdonfi ; and finally a third pulse L initiates fhe 
" long “ or 11 main ” vibrations* The P or 4J push-imd-pull ** 
waves arc compressionaj waves like those of sound, in uliieh 
each pamdEt vibrates in the direction of propagation* The 
S or “shake 1 waves arc dktordunal waves* in which each 
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particle vibrates .si right angles lo the direction of propagation, 
I’Jic velocity of P depend* on die density and resistance to 
Compression of the rocks traversed * tlrnt of S on the density 
and resistance Co distortion, The deeper the waves go { unti l 
the earth’s core is readied), the taster they travel. At cadi 



Km. I mi 


Sediun iHnujgh A mptinjl uf Hr rarth [bowing Hr piliif fetiownl hs li.c T, S. 
Qlu:l L mvo gcntraml by an <ar*hijtiake HI I iinl r(vi.m-! jt H 


depth, P travels more rapidly than $, and h thus recorded lint 
i.Hg, Dir [. waves are those that arc con fined to the 

crust by reflect ions up and down at its lower and upper sur¬ 
faces ; they r-i I low a zig-K.ig path, ant! thus arrive ],uei than 
the others, Thrir existence shows that lit ere is a rnnt, and 
tliat the crust overlies a substratum with different properties. 
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Ti mr-dutiftrr curves fur P, S. and L wain 

When the limes of travel of P and S to various siutton*- are 
plotted against die corresponding distances from die epicentre, 
they fall on imooili curves which arc the same Tor all distant 
earthquake* (Fig. I HI)* An important feature is that the time 
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To ilhutralc bow sliF <rpM , rfiSrt dT at: ran tar when it! dimnDo 

ffWn Ihrrr mi fa.bly plated itaiiwu hit kniwu* A «ftJr m dnh a globe 
^ U!h i*™ ftarion* (r*. Bombay, Tokyo, and WdUngtwi) f with 

a ratiim ..0itcsp(rii4li3K Lj caOj -.up the reqwtiivt diP^ncc of fbe >piccniTT. 
Pkc r^rriure \m .r iUc poiui kurn«tiuii t>f the diicc dftk* 


interval, S^P, steadily increases with the distance, Tims, when 
an earthquake is recorded at any station* a measurement of 
die interval, S—P* <lctcrmifics tlie distance of the epicentre and 
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LAYERS or THE earth's CJMWT 

the time of origin. Three distance iktentiin u firms at three 
well-spaced station} serve to fix the actual position of the 
epicentre (Fig. 102). 


The Structure ok the Earth’s Grust 

Seismograph records are of great intercut to geolugbu 
because they provide the most powerful available means of 
exploring the earth's interior. The P and S waves of dis tant 
earthquake} descend far beneath the emit, but those of near 
earthquakes ! within a few hundred miles of the stations where 
they are recorded,i travel through the crustal rocks with vdo- 



(fl) DiAgtamumk HCildn llirtn^h the cr\ cjllkic ^iivra d ike croijtten laJ ^tuI 
In ihfr* ibe prohihlr pf&llvi Eni1«w*it by lie MJf WWti cif F nml S * liwrird 

m tbtf ftrad of m n*rm* t^tthquid*. fL J#^r.i Wjivo travminji 

ike upper tiiyrr #« dnllilfilMu-t! u V s atxl 5 , , tlux fravmiiuf the iiiicr* 
mcdale lay tr ju P" Amt S* ; .inci |hc*r iravmmG the fmwrr layer m P j.rui $ 

cities that are characteristic of the rocks through which they 
pass. The waves that travel through the upper tqyrr of the 
tetui actual ermt generally have velocities of fi*4 P K J and 3*3 
'Sj) km, per second (Fig. 1 A3). These velocities agree with 
those calculated from the densities and elastic constants of 
granitic rocks, and it is therefore inferred that the upper layer 
of the continents is made of granitic rocks. Waves that liavr 
traversed overlying ‘'veneers" of ■ccUnrattary rocks, P, and 
S,, have lower velocities, and i In:> give on the records pukr*. 
which follow those nf P R and S K , and can therefore be distin¬ 
guished. Other waves dive bri-,w the granitic layer before 
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Dii^ram iWm* tlic v ttarilfej U k-nfl w»wi *4 Afinmi pmab wbkh h*vts 
k^era-d the cnui l£ f ihr r^rnm mdicxittj. TJtf Ef.ilf^r tbe pe^*! Uir d«pej 
Li tl* j^rfcFiraOi.ci <rf th- -i^v.r i, >:rK‘tftir. i dL The mulu dcmuuittmte ihe conEixil 
Ml HJ utrl ll re bctuTrtlt!* t jnlJnmLil iruir |^ii h a kyrri Aftd ihe Piiciik 

cnut ( lit bout a layer), and ihflW ihal tfir jjrjititu; kjrr ii rrUlively 

dun ur p.ilcby k’jiralli tlrf flifitf OCram 


returning to the surface, and pass through ;i scries of inter- 
nurfiats layers with velocities ranging from fl-(►-?-2 (P*J and 
3 * 5 —ia> (S*) km* per second, T rhcsc velircitlcs correspond 
approximately to those of plntomr arid inemirvorphic n>cb 
having a r 'imposition like basalt. Waves that penetrate still 
deeper, like those of tUitani earthquakes, pass through the 
IttUtr lam with velocities of 7-* or more (P) ami 4-,If. or more 
(S) km. per second. These correspond to the heavy rock 
materials >'f the shim, possihly comparable jn composition to 
pm do tit e bni proltahly differing in many res pec is from any 
known surface nicks. 

I he ibickn- 'cs of the continental layers cm be otimated 
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fcXf a LOhitfG IKE fiAm’i INTER]Oft 

from the travel limes of the vsiridu^ waves, the results bring as 
Follows . 

Sedimwitiry litj^r * . , , fM'ihn. (wrddf vannHc' 

Upfwr fl: fjfauiifr |avrr , * I •> -] i kid, Lberamliit; mtttb iliicbo 1 undff 

lll^ j\J^ H TL'.I i lie Cwuiuil 

Inlrsrur ikuiK flt Ba^ll [it. fayrra iN>-Sf!l feji l. i betotuinii: «hiip^ ibiiiiifT llijjIct 

Xhr Alp mid iIm? fait iltitker undcr 

ibe Skrrn Nevada lU-H.A. \ 

Lci^rr jayw * . * - . p UimLimims n-ihr earib^ core il a ikpilt 

ufaltll J .UdM* 

Thr structurr of the ncrtink i runt U Ids* well known, 
because ilicrr arc few island station* at which earihqtialtfis 
can be efficiently recorded. From the velocities <jf L waves 
which have travelled along the oceanic crust licforc being 
recorded it appeal's that the granitic layer is missing from the 
i rust underlying the greater part of the Pad He. and that 
it is present only in relatively thin patches below ilip /Atlantic 
and Indian oceans I Fig. t04). Most nl' the oceanic crust seems 
to be like that of the deejH-r parts of the basaltic layers beneath 
the continents. At greater depths the materials have the same 
properties beneath both oceans ami continents. 


Fije Suction, tit: of rtiF. Dntp lroxttioit 

I he P and S waves of distant earthquakes reach great dcptlii 
and their travel times indicate that their velocities increase 
with depth from the figures given above to about 13 P; and 
7 (S) ktn. per second at a depth or 2,iH)U km. Relatively rapid 
changes occur at about 400 and 700 km, ( but whether those 
correspond tu changes of composition or id state r.£. from 
crystalline in gLtsty) is not yet known. However, a< Spitm kin. 
there b a must i eiwpicuntis change Fig. tllft). The waves 
tlmt just attain this depth emerge at the surface at places 
about l lent. from the epicentre of ihe earthquake con* 
errned, St at inns lying up to o,(JUO km. beyond tliis distance 
ree rd no P nr S waves, though the L waves come aluuu as 
usual. At distances more than 16,000 km. from die epicentre 
of the earthquake the 1* wave again appears and it continue 
^ 37S 35 
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Section Ihrrrii^h thr centre rf the earth ihw. rniT Ntr win r jmltu ;Ttmi ftnc* vtiib 
orrccrtis ., ta.Lvr iron El > t Jutted luuni T j.\id arrival lm\r-. bi tnittuL^ redumed fcOEEi 
tbe sm* itmr of Nhockj, Since Hi ere n a vtiotlovr tone free fretn P and S 

wst*’ I* r^cis tufh ^nh[|iiakf 4 it it niferml that ihr earth ha* A cn»rc >vkk)i 
fffalflj Ibe ilffiM w'awa j*i ihfw m \n the di^nun 


to do so right up to the antipode* of the epicentre. Com** 
ponding to rich earthquake there is rhu; a ring-Iikc shadow, 
free from P ;ttid $ Waves, as illustrated in Fig. I Sift. The part 
of the earth which easts (his shadow is called iu core* 

1* waves pass through the core with a greatly reduced 
velocity, but S waves are not ironsruiucd at alL Since it is 
characteristic of liquid:, that they have nu distortionuJ elasticity, 
and that S waves cannot pass through the to, U is inferred that 
die r uth’s core h essentially liquid. The material iisclf is 
thmjcht tu l« mainly iron with a small percentage or nickel, 
partly became such a composition matches Ihe high density 
ui the earth and the velocity of the P watts through die core ; 
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partly because it < rnresponds with dir romp'oil ion «>f iron 
meteorites, whi< h .af- probably sample fmm the imninf of a 
disrupted planetary body; and partly Imc.iuse the presence 
of abundant iron oxides in the crustal rocks implies a liisjh 
concentration of iron in the interior, just its in a blast luxnace 
a little oxidised iron remains in the while tnmi of the iron 
sinks to the bottom. 


Thfr itjulcm rnrl' fail 
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Chapter XVIII 


EARTH MOVEMENTS : MOUNTAIN BUILDING 

Tm Nature of Orooemip Reus 

As already indicated on p. 106, an erogenic bdt is an elongate 
structural zone or the earth's crust in which the roots have 
been folded, crumpled, contorted or over thrust on a spectacular 
stole. As j ti.itscqueiiLc of Uie thickening of the cruil due to 
intense lateral compression, long sections of each erogenic )>dt 
are uplifted, thereby becoming mountain ranges, like tile Alps 
and the Himalay as, with a varied relief of high peaks and deep 
valleys can ed by the agents of denudation, Most nf the great 
mountain ranges of to-day are parts nf erogenic belts that came 
into existence at various times of crustal unrest since Lhe 
Jurassic period, and particularly during the Tertiary period. 
Others. like the Appalachians and the mountains of Scandi¬ 
navia and Britain, represent older erogenic belts that were 
deeply eroded long ago, but have since been rejuvenated, to 
to speak, by uplift associated with the crustal compression ol 
Tertiary times. 

While all the present-day ranges of folded mountains re¬ 
present uplifted oro genie belts, it must be clearly realised that 
by mi means ail erogenic belts arc now mountainous. Must 
or the Pre-Cambrian (erogenic belts and certain stretches of 
the later ones have lost their original mountainous relief by 
long continued denudation, so that the rocks now exposed 
to view t,g. along the mainland and bland shores if'-mithern 
Finland (Plates ft) and 11) are those which were formed by 
met a morph ion and igneous activity far below the surface at 
the time when the region was undergoing active deformation. 
Some sect ions of omgenir. bdts are submerged below h.i level. 
Between Scandinavia and Britain, for example, the (lah (Ionian 
erogenic lx-It lies beneath the North Sea. The Black Sea, 
which has only recently been formed by subsidence, hides the 

377 


F.ARTIi KOVEUEtfTS l Mcstr^TATN- BUILDINU 

submerged connecting link* between the Caucasus Lind the 
Crimea and the Balkan Mountains, It is therefore essential 
to diMriimiiuitf carrihUy between the geographical conrepf 
ohi ii i e run Mi ei range nr -^vstem and the geological concept; of m 
urogenk belt ; the one refers to the height and relief of the 
land ; the other to the structure of the irxk>, whether die 
tegian be high, low, or submerged * A mountain system is 
the whole series of ranges belonging lu an erogenic belt. The 
term cflrrfi/frra ht sometimes usi^d Fur a broad assemblage of 
ranges -such m that of west era North Ametjen — belonging to 
more tkm one system ee Figs. 2fil and 2iyj. 

\\k' have already learned that mount ainou* orogenk belt* 
l^ivc deep dalle phj-is v. hii h go down to depths comparable 
^idi the whole thickne^ of’ the amt. Is follows that the 
compressUm rrHjxmdhlc for the devdopmeni of an urogenic 
l>dt disturbs ah ihe rocks down w a very- great depth. In all 
the greater mrstal revolutions the previous \tnmnr 0 of the 
Trcks are entirely altered : by folding and thrusting in the 
upper levels, and by Ho wage and metanuirphisin below*, cub 
mmating in Fusion and igneous activity. Indeed, it is only in 
the onogenk belts that the complete cycle of rock transform a- 
iion (page (JO) is achieved on a regional scale* Changes of 
c icmicoJ Lomposuiun—as in the transformation of sediments 
(.1 sdnHi and migmatlte?, and even 10 granites—are brought 
ulKnn by hot migrating fluids* Magmas are generated in the 
1 1 l|Ll : i«rend irom greater depths ; and valuable 

drjmiu <>r metallic ores arc locally imrodticcd, Orugcimb 
tlim involve oof only great lateral compression, but abo the 
baling of ihyocb and die soaking through them of eh end- 
14 ' a \ t|VB l flutdSi ri * e tectonic, thermal, chemical, and 

magmatic changes that accompany the great crustal revofo- 
tiom arc thus in striking contrast with the relative passivity 
«p tie wu c intervening region* where the dominant movements 
art. cpcirogcnu; (p. l(>7). In these areas only slow flu etna* 

r r wsoompmlied by fracturing and 

• u ug f uldmg, if it occurs at all, is local and on a limited 
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GGOtVWUHZt 

By the wort of several generations of geologists it has Iwen 
firmly established that the amgcrtic belts of each geological] 
era originated in long tlownwarps «f the crust in which extra¬ 
ordinarily thick drpei^its of sedimentary rucks arrumnhilcd 
during the erst (or era's,: that prereded the nrogcnic revolution. 
The first important step towards und erst and i rig the natural 
history of folded mountains was taken nearly a century ago 
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by the brothers W, U. and H. lJ, Rogers. From ilidr study 
of the Appalachians these two geologisn discovered that the 
folded sediments out of which the ranges are built are shallow 
water marine typo winch locally reach a iJikimcss of -Kt.noo 
Feet, lu the unfolded region* or the Interior Lowlands tn the 
west the scdinu'in- of corrctf Minding age are only a tenth or 
a twentieth a* thick. 

The accumulation of several mite of sandstones, shales, 
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and limestones clearly implies tliat the original floor of the belt 
must have subsided by a like amount. The mountains were 
evidently preceded by the gradual development of it deep 
trough in which sedimentation more or less kept pace with 
the downwarping of the trust. Such elongated Mis of long 
continued subsidence and sedimentation were called 
ciines by Dana in 1873. 

Hie early pioneers thought that Lhc weight of the accumu¬ 
lating sediments was itself sufficient to depress the crust, so that 
room was automatically provided, for till more sediments. 
Any such cilcct. however, L strictly limited. Sup}*>wr the 
initial depth of tea water to Ixr 100 fret ,1 i^r A in Fig. luT) 
and that marine scdimenis uf density SM .lecumulated, and 
depressed the emit iso* tntit ally, until the region became cmn- 
ptt idy silted up (stage It). Let the maw mum thicknt^s of 
sediments so depended be ft feet. The crust is depressed by 
(ft - I tJO) feet, and this must also be the thickness of the deep 
seated stma, density 3-i, displaced at the base of the crust- 
At stage B 

the weight of sediment added is proportional to 2-4xft 

the weight of water displaced is proportional to 10x 100 

the weight of ritna displaced is proportionat to a-*x(A—100). 

F<h isost-cHy to be maintained the weight fii.i must l*t-ctjuol 
to the weight gained. Tim-, we have 

2-4 ft = 100+34 ft - 340 ; whence ft =240 feet. 

Ftn -*0)000 Jett of marine sediments to accumulate under such 
conditions, the initial depth of water would have had to be 
nearly i < a 0uo fleet. Actually, however, the water was very' 
shallow to begin with, as shown by the abundance of shore 
and deltaic deposits, li follows that the weight of sediments 
docs not depress the crust to any significant extent. It is the 
independent down warping of the crust that makes room for 
i.be sediment* tu accumulate. A geosynciine is essentially a 
refill yf earth movements, the prminors of the vigorous 
revolutionary movements that follow at a later date. It may 
be noticed in passing that die average rate of linking is r>- 


XATUSE or OKOCtNK! BEI,TU 


tnoncly dnw. Ij i ihe Appalachian example, ui.ufld feci tn 
300,000,1100 yean (Cumbrian to early Permian i is only one 
foot in 7,600 yean. However, this very slowness makes the 
cumulative effect seem even more remarkable. 

'I in- cumiminl supply of sediment implies that the land 
bordering at kiisr one of the shores of a gedsynctine must have 
1>ccu rising while the floor of the gewyncUoc was sinking. 
Near tire shore, or wherever the curvature of the warped t rust 
is greatest, fractures .mil faults may develop. Volcanic 
activity, evidenced by the occurrence df lavas and tuffc, inter- 
bedded with the sediment* of many geiwyticliiies, would be 
expo tetl to take advantage or such fr,n iuu- ihitjugh ihr crust. 
In Britain vuh .itiism brake out on .« large scale during the 
Ordovician jhtIikI, while the C.iicdum.i: grottym'tine was 
developing (Figs. r>i and Volcanic rocks first appeared 

at Rhobell Fawr m Wales and on both sides of the Midland 
Valley of Scotland (Fig, 160), Lairr. tiic activity spread 
towards the middle of thr geosyndine and brought to the 
surface the lavas and tufEs which are responsible for the rugged 
scenery or Snowdonia in North Wales (Plate B4aj, and of 
Burroivdaje (Plus 3i) in the Lake District, Such volcanic 
activity in i lira that iln? rocks lioitiili ihr gcosyncline were 
being heated up as vvrll us depressed. 


STaucruKJ .v or OiiWJEjnr; Belts and tki th I rrr.if.\no.Ns 

Some of the structure* chttnmtcriiticalU impressed by sub- 
sequent compression upon the vast thicknesses of sediments 
and of volcanic rot ki, when present) have already been illus¬ 
trated, These structures indude alternation* of more or less 
ojicn anticlines and syncdines i Flair- Iji and NO) ; tightly 
compressed isoclinal folds (Fig. 26 and Plate tin* ; recumbent 
lolds . Fig. Hi and Plate SI) ; and thrusts and nappes (Fig, 31). 
A folded mountain range is a linear tectonic unit, straight or 
arcuate, in which the axes of the folds are generally parallel to 
the main trend of the range. The uxi.il planes, iccittiibrnt 
folds, and thrusts arc all (except fur parti of an oceudtmal 
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anticlinorUim or syncluiorium, Fig. 26) directed upwards and 
outwards frond (he in ten or iff the geosyndinc towards one of 
the unfolded crustal blocks which margined the geosytiriine. 
The crustal block towards or over which the structures splay 
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out i* culled tixejbrtiand. Moil grotym lines have two n .rcLitwk 
but where a gtcoyndinc developed alongside a toutineiiu] 
margin fas in the Dutch East Iadi<%: the outer foreland is the 
ocean floor beyond the zone of depression. The resulting 
mountain system is thus characteristically bilateral, and con¬ 
sists of two i mi lateral bordering ranges (or series of ranges), 
each having iis structures directed outwards, away from the 
axis of the getuyndme. hath bordering range, taken by ilsdi, 
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is a unilateral range, in which all the structures splay out the 
same way. that is, towards the neighbouring fi'irbiitl. 

Flu# unity o( structure is particularly well displayed l v the 
Alpine system of range* (Figs, 198 and IW). The Alpine- 
Himalayan system os a whole extends from each side of 
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Gibraltar an thr went, \u she- Himalaya and the East Indies 
on die t LUi, ti originated in a lung. wide, and composite geo> 
synclinc which drvetuped between the northern foreland of 
Europe and Asia (Eurasia - and the southern foreland of Africa* 
Arabia, and India. To distinguish this immense seaway from 
the present Mediterranean it was railed the Tcihyt by Sucss. 
By subsequent compression two main sets of ranges originated: 
a northerly set, including die Pyrenees, the Alps, the Car¬ 
pathians, and the Caucasus ; and a southerly set,including the 
Atlas Mountains, tin- Apennines, the Dituric .-Ups. die Tauric 
ranges, and thr 'Himalayas, When- these bordering ranges 
lie far apart there may In- a broad intervening region of tea, 
plain, or plateau. Examples '-f these .ire the Western Mediter¬ 
ranean. the Hungarian plain, and dir high plateau of Tibet. 
Such intennontanc, relatively unfolded regions ate called 
mfdian areas. Where there is no median area and the bordering 
ranges are closely compressed together, back to back, the 
bilateral structure may be rougldy symmetrical, but it is 
generally conspicuously asymmetrical. The Western Alps, for 
example, are so highly asymmetrical as to be almost unilateral, 
all Ihc thrusts ami recumbent folds, except «i the extreme 
south, bring directed towards the Eiir*ipean foreland (Fig. Jn I). 

Tin- direction of overfulding and thrusting, and of thr 
crustal compression responsible for the over-riding movements, 
is naturally described as it is seen at die surface; that is to 
say, with reference to the underlying rocks, which are im¬ 
plicitly regarded us having remained stationary. Tints die 
ovmhnjm of die North* West Highlands (fig. 113) or the nappes 
of die Western Alps (Fig. 204) arc said to lie directed toward* 
the north-west as u re uli r>l"pressure from the soiuh-erwt. But 
dtis description h purely relative. Exactly the same effect 
would lie attained if the foreland rocks had been under thrust 
towards the otogenic in'll. Now in bilateral systems we 
observe that on each side the overthrusting and the correspond* 
ttlg pressure appear to have come from within the system. 
Pressure could not, however, have operated outwards in two 
diametrically opposed directions unless the deeper levels of 
the geu&ymJinul bell bad been powerfully compressed from 
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outside. (hat is, hy the inward movement of the two forelands. 
The crustal blocks of the ibrdunds have, in fact, acted like the 
jaws of an irresistibly dosing vice, miderthrailing the gccayn- 
dine, and so earning its sediments and floor to crumple up and 
splay out on both sides. The crustal shortening involved in the 
folding and thrusting can often be roughly estimated by imagin¬ 
ing the structures to be all straightened out ; it commonly 
amounts to main leu ...f mild. _V- the forelands move in¬ 
wards. the rocks in depth, already down warped during the 
growth of the geosynejint, continue to buckle downwards 
F ig, 'J. 12'; with consequent formation of a deep mountain 
root. Only the upper strata of the geosynclmc itself tend to 
wrinkle upwards, Ihe general uplift of the regii n into a licit 
ut highlands follows later, as a result of tsostosy (page IS). 


Obooexio Bei ts or Europe 

The general outlines or the tectonic framework of Europe 
are shown in Fig. Sou, The oldest part of the continent is the 
Bid tit Shield. I Jits broad region of geologically ancient 
rnstallinc rocks has remained a stable fund area ever since 
prr- Cumbrian limes. It has fluctuated in level from time to 
limp, but on the whole the movements have been slow gentle 
uplifts which maintained the surface above sea level, despite 
the ravages of denudation. Towards the cast and south, 
however, the old rocks of the Shield are covered by a veneer 
of flat-lying sediments, def waited during Uu 1 PukruKuic ,md 
later period- I hit buried extension of the Shield, known as the 
Russian Platform, evidently Mtb>idrd a little .11 intervals and 
u flooded by shallow just ns port ofthe Shield is flooded 
I'Mlay by the Bailie. North ol the Black Sea. and in a few 
Other isolated Spots where ihc sedimentary blanket has been 
removed, thr shield rorks reappear at the surface. The north 
(fcrman plains and probably the English Midlands represent 
a westerly continuation uf the Rusdnii Platform, although in 
this section the cnist was less stable, am) certain basins of 
sediniciiLiliiJU Uiul were derper than it Miq j—including inuat 
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of die great coalfields of Britain—ha ve suffered a certain amount 
of folding. 

The stable triangle of the Shield and Platform i* bordered 
on its three sides by clearly defined orogeriic bells, towards 
each of which it acted a* rigid foreland* On the unrth-V.est 
the Caledonian bdi extendi through Scandinavia to Britain, 
Here the rocks of a Lower Pabtoistxjo gcmyiicUiie were intensely 
folded, fjvmtonul, itnd invaded by gi uni tea during lute Silurian 
and early Devonian times. In Scan data via the south-east cm 
front of the licit is wdl preserved. Ouiwnrtl thrusting towards 
the Shield is conspicuous in many places and has involved 
movement of possibly as much as ho miles. Within the licit 
itself the rocks are contorted, metamorphosed, and grauiiizcd 

3«3 










\HTH MOVEMENT* 1 UOCHTttN UUII.WNO 

so Intensely that over large tract* the structures baffle analysis 
The north-wiMcm front of the belt h cut off by I he Atlantic, 
except in the NAV, Highland,* of Scotland, where the thrust* 
illustrated in fur, fcl *phy tiul ovn another shield .smu -■! 
which only a narrow snip now remains -es bud. This relic 
of the north-west foreland probably represents the extreme 
limit of the great Canadian Shield of North America and 
Greenland (Fig, 20J , The south-eastern front of the Cale¬ 
donian belt h poorly dr-fined in Britain, Mach of it b hidden 
by latrr sediment^ and where (he older rock* are exposed 
os in Shropshire—the folding ii flpen and broadly undulating* 

While the Caledonian movements were in progress other 
get^yndines began to develop and to fill up with sediment : 
( 0 ) along the site of the Urals ; and (i) across Central and 
Southern Europe from die promontories of south-west Ireland 
to north of the Sea of Azov, These became transformed into 
orogciik bells during CurbonilerDtis and early Permian times* 
This orogenesis and die structures and mountains that resulted 
arc known hv the name flticrni&n "after the Harz Mono Lain* j. 
Most of the UraJian belt i:, Leonti nunudy preserved, but the 
much wider Herryniau belt of die smith luu become broken 
into a series of isolated blocks ar mayrifi* Thor include south¬ 
west Ireland, South Wate^ and (Viritwall and Devon : Brittany 
and the Central Plateau of France ; rite Ardennes, Vosges, and 
Black Forest Plate s2a) ^ anti the Harz nnet Bohemian Moun¬ 
tains; The depressed regions bee ween are buried beneath ! flier 
sediment^ but here and there (*.£. in somh-east England) 
the Hcrcynian Foundation has been encountered in borings 
and ntiiiin operations. There ri no doubt ilial all the motifs 
referred to arc relatively uplifted pktU uf a lu ll that is con¬ 
tinuous in depth. 

The southern margin, and locally the whole* of the Hercy- 
nbn bdi has vanished from sight far another reason. In 
Mddzoic limes vomkferubk sjirarb* of ihr Hercynian trad 
berime submerged beneath the Tethyf, =to forming the greater 
part of the lioor of the Alpine gccsynclinc, Ollier portions, 
such as the mass its of Mt. Blanc and the Aiguilles Rouges 
remained as blanch near the northern Fiores of the Tcthyis 
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(Rate $2b). Thtte, together with part* of (he Roar itself, 
were incorporated in the Alpine ranges which later completed 
the southern framework of Europe. 

hi most plaid (hr northern Hercynhm front lies well to 
the north of the northern Alpine front, but the Carpathians 
were thrust Forward beyond the Hrrcynian front, so (hat here 
(lie Russian Platform became the furdand. In Silesia the 
structural relations lielwceri the mountains and (heir foreland 
have been made clear by mining operation:). The broad 
rnalfidd of Si iesra — Hr longing to i hr foreland—was partly 
overridden by the advancing nappes of the Carpathian are. 
Nevertheless, the buried half of the coalfield has been located 
beneath the nappes by borings sunk through them into the 
coal seams beneath, 

Just a> the Alpine structures encroach on the older Her* 
cyuiatt belt, so in the DrilUIi Isles (see Fig. 25S) the Ilercyuian 
structures in mm encroach on the still older Caledonian hell. 
Front Souih Wales (o the south-west shores of Ireland the 
Lower PaJax)2oic rocks with their typical Caledonian structures 
disappear beneath the folded and overthrust Devonian and 
Carl>onifcrous sediments which represent the northern Hcr- 
cynian front. The two orogeme belts, gradually converging 
across Europe, ultimately meet, and the northern Hercynian 
front begins to cross the south-eastern Caledonian from. 
What is probably the completion of the crossing is fount! in 
the App.il.u’limi Mountains on the other side of the Atlantic. 


Tint Appalachians 

These mountains (Fig, “<*!} appear to be a closely knit 
complex of two systems which roughly correspond to the 
Caledonian and He rev nian of Europe, though in each Case 
the main orogenesis was dightly later in age. Originally, I lie 
Appalachians were regarded as the standard example of a 
unilateral mountain system, with the structure- all directed 
towards the Canadian Shield (,i stable region of the same type 
a, the ll.ihn Shield j and its buried con dentation beneath the 
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Inlrrior Lowland') fa region corresponding to the Russian 
Platform), This apparent simplicity, however, only reflects 
ihc fact that along the At km tie seaboard the south-eastern 
side of the u revert in belt <s everywhere concealed by the 
later sediments of the Coastal Plain (Fig. 2W2). The foreland 
<m the south-east is not -ecu. beiaust tin- Atlantic now dccuplo 
the site where we should naturally look lot it. But ili.it there 
certainly was such a ford anti i* firmly eitaLilished by tin; ob¬ 
serv ation that the grmymjinal sediments Ijceome coarser as 
they art- triced towards the Atlantic anti include dchak 
dqxaita which spread out toward* the north-west. Clearly 
the rivers that supplied thoe sediments must have drained a 
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land dial lay to tin- south-east, a land that muii have born 
undergoing denudation throughout the greater part of 
Palaxwout time. 

In die north tile ovenhrust Appalachian front begins in 
Newfoundland- Continuing along the line of the St. La a rcoce 
as far as Quebec, it then turns south towards Neve 'fork. 
During the Devonian alt this northern section was folded, 
ovcrtiirust, invaded by granite, and uplifted by an orogenesis 
that corresponds with the later phase* of the Calm] uni an 
revolution. South-west of New York the Caledonian part of 
the chain is probably represented by the “ Older Appala¬ 
chian* " Fig. 2<>2), where the old basement rocks, repre¬ 
senting thr floor of tiit geosyncliftc, intensely deformed and 
penetrated by granite, were ovtrthmst towards the north-west. 
In this region only a few infolded and highly metamorphosed 
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remnant 1 ; of die geosyur.linal sediments now remain. We see 
deep into the heart of the former mountains. 

Inland, however, between the Blue Ridge and the Appala¬ 
chian Plateau, the sediment.* are largely preserved in a broad 
series of deep folds. These are generally open, as shown in 
Fig. SOS* but in places, r,jj. the slate regions of West Virginia, 
the folding Ik isoclinal and is locally broken by thrusts, again 
indicating movement towards the north-west. Still further 
inland, in tire Plateau, the folding gradually flattens out. In 
thc^e "Newer Appalachians’* not only Lower IVihrrwtoic 
sediment* are found. but also a far thicker sequence be longing 
l<! the Lppcf Palrptoic, The whole .'isscmblage was folded 
during the main Appalachian revolution, which began in the 
Carboniferous and reached its climax in the Pe rmian . The 
“ Newer Appalachians " thus correspond with the later phases 
oi‘ tlic Hcrcynian orogenesis. By measuring the fold* it has 

1 "- 1 369 36 





EARTH MOVEMENTS ; MOUNTAIN BUILDING 

been estimated that the Folded " ridge and y alley ' ttaci, 11|>w 
about ftfl tciics across, had an original width of about I'Hi 
utiles. The forelands thus approached by at least :l> milci, 
M.uiy batlinUlhs and stocks w ere empktd hi the bean of the 
growing r.nsy.', particularly in the adjoining ’’ Older Appnla- 
thiiiiiH ” which roust ihrrdbrc have shared in die Liter oro- 
gentsis. 

Farther north, in die New England Stales, relies of strongly 
folded Carboniferous rorks mark the continuation of die 
“ Newer App!ilachiafts.‘ > Bui here they lie on the inner side 
of the Caledonian front of the Appalachian system, whereas 
In die south the folded belt is on the outer side. The “ Newer ” 
nr Hereyrtian front appears on the coast near Boston, reaches 
the “ Oldct ” or Caledonian front brliind New York, and then, 
a* Bailey putt it, “ step dear of its Caledonian predecessor. :1 
The crossing of the Caledonian belt by the outer front of the 
Hmynwii belt, begun in Britain, is finally accomplished in 
America (Figs 2<»1 .ind 2fk}* 


Tue Western Alps 

The folded structures of the Appalachians arc simple and 
straightforward compared with the amazing complesdty of the 
recumbent folds and far-driven nappes ol many of the Alpine 
range. Since Esther's di>cox.cry in IM 1 of gieaulic thrusts 
m I hi- Swj« Alps, many i Milliard gruhigiu.i have devoted their 
pich -di.ii.il ]ivr* to the unravelling of trutitires which, for 
many yean after they werr first described, appeared ti> be 
(|uite incredible to those who hud not actually traced them 
from peak to peak. By patient mapping, supplemented by 
underground observations made possible by an incomparable 
srriei of tutmrb, the intricate tectonic pattern of the Swiss 
Alps is now known with a wealth of detail superior to anything 
that has been achieved in the other great mountain systems of 
the world. 

Geologically the Alps are divided inti* the Itiitos Af/it, 
which cum in a broad arc from the Mediterranean to Lakes 
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Constance and Como, and the Ea.hrn Alp\, which continue 
in 4 gentler curve towards tile Danube Fig. £03). Beyond 
Vienna the vast bow of the Carpathian.-, begins, while on the 
mu than side the ranges of northern Italy swing round into 
the Dinark Alps. It is iu the Western Alps, and particularly 
in Switzerland, that the key to tin' general structure has been 
revealed. The essential feature, a* portrayed in Fig, 204, U 
the occurrence of a ,cries of gigantic recumbent folds and 
nappes, each of which it as been driven forward for many 
miles towards the Ibrduhd, attd in many ease* far across ft. 
The Alpine riveri have cut deeply into (he nappes, thus 
exposing the underlying rocks in many a steep-walled valley. 
If the nappes were everywhere at the same level, only the 
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enter pitrLri of the ^tmrrnrc would be exposed to view in (lib 
way, and even the funnels would add little more* But as ilie 
nappes arc traced along the trend of the ranges from 3*W* to 
KE. they are found to undulate up and down in an alternating 
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succession of broad ca Imimtiotn and drpr&shms [Fig, SOB-)* 
Where the depressions carry the nappes down wards, lUc 
iipfK*rmt*t oats arc vtill wdl preserved in the mountain peak*. 
Where [lie culnuTViriom raised the upper nappes to ItvcU now 1 
Jar aWc the highest peaks— that b io fay, where they have 
already been swept away by erosion—ilu- lower nappes come 
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tn the surface and are themselves cut through by the valleys- 
Thus* although m» single section across the mountains provides 
more than part of the picture, the whole complicated Structure 
can he visualized by taking a series of several seel ions in order 
across the successive culminations and depressions. Finally, 
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siruDmsiofts or the western alfs 

in the Ea-stcm Alps* all the structures seen in (he Western Alps 
disappear beneath a widespread cover of a still higher series 
of imp pcs. I hus, because (he evidence is largely hidden^ (he 
structure uf dit 1 Extern Alps Is much less well kn&wiu Only 
here and there, as in the Engadme and die High Tauertt 
(Fig, 2(*3} hits removed the cover and so <i|>nii?d 

“ window* ” in the surrounding framework through which 
die underlying sin it tunes are locally seen# 

The chief Mibdi visions of (he Western Alps as seen in phut, 
subdivisions representing successive zones which provide a 
first clue to the gene rat structure, can be dearly detected from 
the air. Each has its distinctive topography, and cadi comes 
into view in turn from north*wrat Lu south-east during a (light 
from, say, the Jura Muuntaui* to Milan. In order, these 
zone* art as follows : 

L Hi< Jura Mountains : an arcuate bundle of Iiilb, Eke a 
crumpled-up tablecloth, pushed forward [while the Alps were 
advancing) across the gap between the Central Plateau of 
France on erne side and the Vosges ami Black Forest on the 
other, and thuv standing wd! in from of die AIjh proper. 
On the tuner side the strata arc mainly folded into bold, open 
anticlines, stunt: of which form the actual hills : Plate 8U), but 
the outer aide h a tableland broken by fauiui into an irregular 
mosaic of sn i ps and blocks. 

2* The Swiss Phh i; a broad lowland, filled with soft Tertiary 
sediment called derived from the denudation of the 

rising Alps. Far hi die south-east the edge uf die High Cal* 
Careens Alps appears in the distance like a great wall Fig. 

On r.uh ride of Lake Grnrva * broad patch of (boihilh pro^ 
irudcs on to the plain. These are— 

T Tk* Pit-Alps * extending hiuween Lake Thun and lie 
River Arve* They ernmni of an isolated pile of nappes, much 
folded and sliced by minor thrust*, which were driven over 
the nuihisse far from Uidr roots in the south-east. The Jtrma 
include types which are entirely diFfcrent from anything seen 
in the Jiim or the High Calcareous Alps, The- Pre-Alp* are 
thus completely foreign to the district where they came to 
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re f‘ Exactly whime they came fmra remain* the chief im- 
£ T , 1 nf . Al P ine 'KUwici. The uppermost of ih«c 
iar-tiA\ rllrd n>ct sheet* may even represent tlir remnants of a 
senes of nappes that formerly covered the Western Alps in 
cotmnuau ( r.i of the upper nappe, «f the Eastern Alps. It is 
H* that thc Llter P** or the fonvaid journey of the Prc- 
ttC ™ I>lftl,Cd by ^own-shdin^ -liW a #ntk 

4. 7^ //igA gtam Alps : a high range of rugged mmm- 
tainswhwcrtracrtire is dominated by a series of dean-cut 

SanT^S!**^' SSla n ‘ C ill,ll,tk3 rJie Jfcme sc Obcr- 

Zl*?* ”* a " d ^ many (Umili tr 

pcab ir*. the Jungfrau, l*M0 ft.). Each of the nappes 

» composed of sediments which were deposited along the 
northern margin of the grosym line, locally, many of the 
□appre arc themselves imemdy folded (Plans B)). * 
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SumDlVUIOKS OF THE WESTERN ALPS 

G. Tbt Hfismm Mamfs: an arcuate chain ol long isolated 
hlui;k\ consisting hugely of crystal line rocks. These have 
been sheared by inntitnrnvblf: small thrusts, and except lor the 
more mfadive granites they fall a ready prey to the splintering 
anion ol frost (Plate HUs,. The skylines arc in eonsc([Uciice 
chutBctemticaUy jagged, as hi the appropriately named 
Aiguilles Rouges, "Hie latter massif, together with the adjoin* 
ing m/iSsil of Alt. BE.uk' i 13,73^ ft.), emerges along the aesi 
ul a great c ulmin ation, io tin* north-east the Hcrcytiian 
foundation disappears beneath the nappes i f the High Cal- 
car ccj us Alps, to emerge again in another culmination as the 
Aar and St. Gmtliard massifs Tigs, 203 and 305). Here the 
Rhine and the Rhone have their sources. The Rhone flows 
to the wen-south-west through a long trough-like valley 
widt h, after leaving flit- HcTcytiimi massife, follows the bound¬ 
ary between the High Calcareous Alp and the broad zone J( f 
the Pennine Alp, 

*L Tkf Pnmiwt A appet : an involved series of six great nappes, 
all of which were squeezed out of the main geosyaelmc as 
gigatitic mi unbent told-. Each nappe has a core of older 
rodts, mainly gneisses, representing the floor of die gcosyn- 
cliue ; wrapped round by an envelope ol"lustmuti siliists and 
crystalline linirsiones, representing the sediments (and volcanic 
rocks) ti the geosyncline. The Pennine Alps from which our 
mvn modest Pennine* take their name) U a lofty region of 
boldly carved mountains, rising above tlir snowftdds into 
pyramidal peaks, of which the Matterhorn (11,705 ft.) is the 
m(Bt iamui: Hate 5U), although tin; If-' shapely Monte Rosa 
l,>,~ 15 ft. i i 1 - Fite her. I ■> the cast the Pennine nappes continue 
at a lower level |i* the Upon tint Alps, Beyond the margin 
of the Eastern Al}» they remain unexposed except in die 
windows of die Lower Engadme and the High Tauem. where 
the two tipper members of the scries have been recognized, 
A* numbered in Fig. not from bottom to top, the Pennine 
nappes are as follows : 

I-I f I 7 h Simplon .Xaffn (comprising the three lower 
nappes), wludi were pressed against the upstanding mass 
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of Mt. Blanc c lie Aiguille Rouges ;mci thereby folded 
into such intricate convolutions dial thrir structure m is 
never made dear until they were penctraicti by die Simplon 
tunnel* 


IV The Grtttf St* Bmtard Najfpt n which rides over the 
Simplon imppes aitd aUa seitfl.v oat a re markable backward 
bulge in response to die pressure exerted by the Monte 
Rosa nappe, 

\ 7 ‘At MmU Rosa Jfappt) which, snuggling to expand 
within a wrj thing complex of pi an tie rocL\ alJ competing 
for space, fun rid U easier to plunge into the back of the 
Sc, Bernard Nappe than tea ride over it* 


YI 77j/ D?nt Blamfu J'itipfic, which drove far forward 
over all the nappes in front, forming above them a wide- 
spread cnrapstccj nf which the greater pan lias since been 
removed by crorioru 

nf Route i a King narrow zont near the Italian 
frontier, w here the Pennine nappe* turn vertically down, and 
so appear to lie rooic-ti in the ground. Some idea of the 
titanic compression which was involved in the making of Lhe 
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Alps can he gamed by contrasting this tightly squeezed bdt 
with the great width of the gcttyndine that is implied bv the 
sedimentary strata of die ttappn. (Fig. 207). While the great 
squeeze was in progress, culminating in Miocene times, the 
rocks must have been unusually plastic, anti e\ ideuce that they 

jjlh 











THF ZONK Of ROOTS 


were lubricated Ivy- hr>t migrating fluids is furnished by the 
prevalence of migm mites, with swirling structures due to 
flowage, in the deepest parts of the roots. Later on, great 
masse* of granite were emplaced at various places along the 
zone of roots (Plate MS)* 

8. To the south and west of our line of section the Pennine 
Alps drop steeply to the alluvial plain of I^uuhardy. On the 
cast, however, the zone of roots gradually widens with the 
incoming of still another series of structural elements. These 
represent the southern side and foreland of the geosytidiuc, 
and this time all the thrusts arc directed towards the south. 
From the obscurity of this highly metamorphosed complex the 
upper nappes or the Eastern Alp emerge, and ultimately turn 
ov er to the north, in similar fashion to the Dent Blanche Nappe, 
farther south the backward thrusts maintain their direction 
and mark the beginning of the Italian ranges wliich pass round 
the head of the Adriatic into the Din arte Alps. 

The probable relationships between the nappes of the 
Western Alps and the geography ol the obliterated geasyncline 
arc indicated in Fig. l'{>7. 


OkOGEKJU Btt.ts OF THE ALPINE REVOLUTION 

For convenience the term Alpine Kfialutinn is adopted to 
cover the cumulative effect of all dte orogenic movements 
which have occurred at intervals since late Jurassic times. 
A* indicated by the following examples (which are far from 
complete), the resulting erogenic belts are not all of the »gm «- 
age. 

Lait Jurassic (Xtvadat mgmv) : Atlas, Caucasus, Sierra 
Nevada of California, Japan, New Zealand. 

lalt Cretaceous (Levamide orogeny) ; Pyrenees, Din uric Alps, 
Tauric Mountains, mountains of Malay a. Sumatra, and New 
Zealand, Rocky Mount aim, Greater Antilles, and Andes. 

Lower and Middle Tertiary [mam Alpine orogeny) : Pyrenees, 
Alp®, Carpathians, Himalayas, and Asiatic Island festoons, 
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Upptr Itriian to Prarnt Dap (Cati&tii)n (rrogtxv) : Foorhilla 
nf the Himalaya* (SiwalUtst, Ekmd;i arc of the Dutch East 
Indies, St- Hias and tk other Pacific Co;tst ranges of North 
America, Greater Antilles, New Zealand* 

In most of these Alpine erogenic belts fwn or more phase* ol 
movement can be recognised, and in certain region*, partial* 
Jarly in the East and West Indies, orogcnic movements seem 
still to be actively in progress. Bui Liken as a whole the re¬ 
sulting assemblage c>F mountain systems combines Into a 


pattern of striking simplicity. The usual way of expressing 
i lib pattern is to describe it as a great ring encircling the 
Pacific, combined with a Medi terra near* bdi t of which the 
chiH part h the Atpine-HimaJayan system (Fig. EOS}. On the 
cast the latter swings into the Cltc urn* Pacific ring by way of 
the Dutch East indie* itlur Borman or Rundii aix p Fig, 211), 
Here three arcs come together tn spiral (hdiion in the +: Medi¬ 
terranean region between Australasia and die extreme south 
(a Asia : t: i the New Zealand-New Guinea arc j (A) the 
Pliilippmr Borneo arc ; and k) the Banda arc. It h possible 
tliat die Kwen Luti and Height muring ranges north of Tibet 
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continue across China to join the Giirum-Parific ring itouth* 
west of Japan Fig, 222), At I he other end or the Mediter¬ 
ranean belt the Sicrr.i Nevada of Spain and the At la, are 
linked through Gibraltar by an inner connecting arc Fie. 2di>), 
but the main ranges remain separate and are cut off abruptly 
by the Adamic. Across the Atlantic tvvo corresponding 
mountain systems appear on each side of the Caribbean Sea 
(the American Mediterranean) • a northern one u~hic.ii can be 
traeed from the Cordillera of North and Central America 
through the Greater Antilles as Ur as the Virgin Islands, and 
a southern one, whit h swings round from the Andes through 
Venezuela lu Trinidad, fhe two systems, though originally 
separate, are now being linked by an actively growing arc 
surrounding (.lie- volcanic arc of the Lesser Antilles (Fig, 213). 
Here ihft Circuits-1 1 ; icifh ring is being completed by a vast 
loop which encroaches tin the Atlantic. A similar, though 
much older loop, connects the Andes of Patagonia with the 
Antarctic Andes of Grahambind, It should he noticed that 
the Costa Rica-Panima land bridge is of volcanic origin and 
may possibly not belong lo the Circum—Pacific orogentL 1 ring, 

Another way of expressing the pattern is to describe it in 
terms of two gigantic rings Figs. 200 and 210), one surrounding 
the northern continent! of North America and Eurasia (known 
collectivdy as i.aunuuv, ihtr other surrounding the southern 
bind mosses of South America, Africa. Arabia, Indio, Australia, 
and Antarctica (known collectively as GnniiwamhmJ} . The 
first of these rings includes the northern rangrs of the Medi¬ 
terranean belts and the northern half of the Circiun-l'.u iln 
ring, while the second includes, the southern ranges of the 
Mediterranean Ix-lta and die southern half nf the Circum- 
Pacific ring. 

Now, as we have seen, the Tethys was a great “ Medi¬ 
terranean " geotytii'iline which developed between Launuia 
mid Good Wats aland. Figs. 2011 and 2 In show that each of the 
land masses referred to above is rimmed by an otogenic belt 
wherever it is bordered by the Pacifier or by the former site 
ol 'he tethys. In plan Lauriisia, Good wan aland, and the 
l^U-ific floor all appear to have moved radially outwards, 
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Mnp ihowifig the mrern^xJ cttfcgtik! rinjj |irftp:Jji.-ial tu tte cflttttotnul „__ 

(iliulrtdcd -f Untww* l>e iid m 11 nuLL’ btixkl or Ckwirtfllifltatcf tire dotted* 

Thi? pr»bsbk ttxTL'Eni-Htj] ffl.raniu iJkttcfed -Mj^vacri, 1^^ the Ffcdfic and 
llic tVlffcya arc turiiraErd by arrow* 


thus buttling the trast at their margins and forming orogcuii: 
bi 9 lu along these highly t* impressed peripheral zones. The 
Telhys itscii was obliterate! by dje approach of Laiirudii and 
GomU^inaland and trdfufcimi«d into thr Mediterranean belts. 

U Li.liin the peripheral dug ol L.timma lie the disruptive 
jasms uf the Ninth A dun tie and Arctic occunsj the coasts of 
vvliis h arc essentially due to fmrturc and fan I ting. Similarly, 
uithhi the peripheral ring of Gtmdwanflknd lie the South 
Allantic and Endian oceans. Here again the coasts &ft 
mnti.i1]y due to fracture and fanliing, except in the case of 
the BiirTTuin air^ where the con tin nation of liic Tclhys lay 
iloug what b now the iionh+Hut margin nj the Indian ocean* 
SlK ^ "* |S lhc firE -T ™ recognbe that thr i-mkL.I vmictiircs -f 
the world were of two contrasted types, which he dintmguisiicd 
iL> Atlantic and PflHjfJc, J lie coasts of Adamic type are deter-* 
mined b) fracture and subddences which eharacterfetically 
cm across the “grain” of thr buds (r/1 Fig. tOo), though 
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COASTS OF PACIFIC TYPE 
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Sl*p thmriftg thr il nH^mi jriect nmff*n4t rir*lC jmfihml tn thr miwEnmlal mss*^ 
fiiflUftl) 1 f Guijdw.jii-LLiEiiL Thr (iruU.thLr f DtiiibCbUil tua^f mcnl* aluvLcti uul- 
Umwli ill* VAt iin and ibe l>tli> a arr iii4fcs»rd tn arrsvn 

locally they may happen lo be rough!} parallel u> <->uc of [lie 
older orcigenic belts (as fa Norway). Thr coasts of Pacific 
type arc determined by lidding and arc, in their general out¬ 
lines, parallel to thr 4i grain ,f of the land* f ef t Tit;. ItHl), being 
fringed by bordering mountain chaim, inciudiiijj bland 
festoum like those of Asia. 


The Orogemc Cvole 

In every continent there are mountain systems and older 
orogente belts of widely different ages, Eai h of the Pre- 
Gantbrimt shkhb represent* a coalescence cifsu tensive otogenic 
belts from which ihe mountainous superstructure has long ago 
been removed by denudation. In thr Baltic shield there are 
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four such belts, and six arc known in the Canadian shield. 
The continents have developed by successive erogenic additions 
to their shields, as il Inn rated in Fig*. 2fMJ and SOI. 

Detailed study of many of the otogenic belts has shown 
that , although lio two are exactly alike, all can be regarded a# 
variation^ on a omnium theme. The theme itself, or in other 
words, the usual sequence of events involved in the evolution 
of an nmgemr belt, is called the orogmit tyrft. In general terms 
it may be summarised as follows ; 

fo) Development of a gemy;iclme v,ith heavy sedimenta- 
don and occasional volcanic activity. 

(It) Compression of the bdl by a first umgcinc phase, in¬ 
volving root ionuuLkm in depth, lidding and overthnusdng of 
the sirpersirrn ture, and uplift of the comprised zone in re* 
spouse to the buoyant (bostalk) e-ffr-rt of the root. 

(r) Lateral growth t*f the grosym line by development of 
a new subsiding tract outside the rising mountains (Fig. 139), 
As the latter are carved into peaks and valleys by denudation, 
they provide much c>r the sediment which fids up the depression. 

'i) Rem-wed orugmii completion of the whole belt. 
Stages (r) and (J) may occur twice nr even three times (rarely 
nitiie) in tire more complex belts, 

frj During die mure vigorous orogtnic phases, and par¬ 
ticularly during die climax of tin: revolution, the deeper rocks 
are intensely 1 nu'Umnrphmed, and migmarites arc fomird by 
hot migrating fluids. Later, granite badioJitlu arc emplaced, 
fill lowed in mime cases by die introduction of valuable ore de* 
posit*- T'hc-e- are gradually uncovered by denudation if the 
cumulative uplift of die completed orpgcnk belt is sufficiently 
long maintained. 

It sometimes happens, however, that a mountain system 
is reduced to a lowland or even submerged before much of the 
superstructure has been denuded (Flute Si a). In such cases 
the buoyant action of the roots must soon have erased to 
flint lion, lii Ollier words, the roots themselves must liusc dis¬ 
appeared, probably by becoming w plastic duu, tillable to 
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support (Hr overhead pressure, ilu-y flowed om laterally. In 
response to subterranean changes of this kind die Inter be¬ 
haviour of an urogvnic belt is generally dominated by epeiro* 
genie movements, often accompanied by volcanic activity. 
These topics arc dealt with in succeeding chapters. 


PftKs£.vr-u,sv Oroc,e,n&s4S 

As already mentioned, die evolution of certain stretches of 
the erogenic lwits belonging to the Alpine revolution is still 
actively in progress. Fig. 2t>U makes it < If nr that, unlike the 
Western Mediterranean, which is a sunken median area, the 
Eastern Mediterranean, the Adriatic, and the plain of Lom¬ 
bardy arc depressed regions lying along the *' African f> front 
of the Alpine system. South of the Atlas liii.; marginal de¬ 
pression continues on the laud, where it is marked by the 
shorn of Tunisia and Algeria, Towards the east a similar 
zone of depression can be traced through the alluvial plain 
ol Mesopotamia, the Persian Gulf, ami ihe Gulf of Oman. 
Still farther east, in front ol the Himalaya^ tlic depression 
reappears in tlic alluvial plains of the Indus and Ganges. This 
long stone of subsidence and sedimentation is probably the best 
example of a marginal geosynejinc now in course of develop¬ 
ment. It illustrates the latest repetition of stage (e) in tlic 
otogenic cycle. 

In the Dutch East Indies the continuation of thb gcosyn- 
dine can be traced for over 4,000 miles in front of die Banda 
ar c (Fig. 211). But here the active I tell is very narrow, and 
stage (d) —die si age of orogentn compression —has already been 
reached. The trend line ol tills long strip Is indicated by an 
arcuate submarine ridge from which rows of rising islands 
emerge above sea level at intervals. Proof of recent and con¬ 
tinuing movements is furnished by the occurrence on the 
Islands of terraces of upraised coral reds at heights ranging 
from sea level to us much as 4,(HKi feet in Timor ; by transverse 
fractures and tear i.mJts, pointing |o horixutii.il movements, 
probably symptomatic ol the advance of nappe* ur recumbent 
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folds ; and by the extreme liability of rhe strip to frequent and 
powerful earthquakes, some of which originate aL very great 
depths. 

To alt tliis Vening Meincsz has added a discovery of 
fundamental significance, made in the course of an otjjcdition 
(1&2G) carried out in a submarine lent by the Nrtiu-riuitds Navy 
for Uie purpose of making gravity measurements over the sea 
floors of the East Indies. Meinesa found that the lung strip 
under discussion is characterised throughout Its length, but 
to a width ot only Ofl or 70 miles, by surprisingly great defi- 
tiendeS' of gravity (fig. 211), This band of what are called 
“ negative anomalies of gravity *’ implies that there is a eor- 
ropemding deficiency of density in the materials of (he crust 
beneath. Only one geological explanation of such a deficiency 
is consistent with the observed facts : die lighter layers of die 
crust must have budded into a great downward fold or root, 
frig. 214 illustrates die inferred > true tin t. Obviously a cru.ual 
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strip ot this kind ts far from being in isostauc equilibrium. 
II it were free to do so, it would be buoyed up imo a high 
mountain range and, Indeed, as die idands Ijcar witness, a Jong 
aeries of upheavals has already occurred. The islands are the 
hrsi visible symptom* of an embryonic mountain chain. But 
the uplift would be far more spectacular and continuous than 
it actually Lt, if there were not, even now, some intensely 
powerful compressive mid downsucking process at work, 
restraining the tendency of the strip to rise into a position of 
equilibrium. All the evidence points to the same conclusion ; 
the processes responsible for orogenesis are here still in opera¬ 
tion. 


A gravity survey of the Caribbean region {I93EM037J 
carried out by Mcinr.tr and a group of Am erica it collaborators 
in submaiues lent by the U.S. Now, has disclosed the existence 
ol a very similar band of negative anomalies, extending from 
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north of Haiti, round the volcanic arc of the Letter Antilles, to 
I riiiuhtiE and South America (Fig. !2J3}- Had the war not 
interrupted ihis new method of exploring the depths many 
other promising belts, such a& the Asiatic island festoons, the 
\i Y. Zra hind -New Guinea arr:,, and the loop of ihc Southern 
Antilles h> tween So villi America and Antarctica, might by now 
have been investigated in e his way. 


Tin Cause or Mountain Building 

Many Attempts have been made to “account for” the 
remarkable phenomena involved in mountain building, that 
b. to find lotne mediaribin in rite earth competent (u) to pro¬ 
vide Inrcrr of sufficient magnitude to compress, buckle, and 
thicken the crust ; and (A) to explain the sequence of events 
in each otogenic cycle, ihe succession uforogenk cycles during 
geological time, and the distribution of I lie orqgcnic belts over 
die face of the ranh. This is a tall order, $nd cfbcui^Iuii of t lie 
matter hits not yet passed die speculative and controversial 








THE TMEHMAI- i^VTRAi niOCT HYWTBtm 

ttngfe. In n body like the earth gravity tends to maintain 
equilibrium and stability. 'Flic only known agency capable 
of dLsturbmg this equilibrium to any important extent is heat. 
Increase of temperature leads to expansion and fusion* and 
decrease to consolidation and contraction, VVe therefore look 
to thermal changes within the earth as the most promising line 
of attack. 

lVc ted reasomihly lire shut the earth was originally molten, 
and it is therefore generally believed that the earth has attained 
its present thermal state* ai least on balance, by cooling. I Ids 
idea provides the basil of the time-hojiourctl confradmi kjrpa- 
thesis* Once a relatively cold crust was formed, the cooling 
interior tends to shrink away from it. Obliged by gravity to 
settle down on the shrinking mluiralum, and m to fit into 4 
smaller area than before, the crust is inevitably thrown into a 
state of compression, iu winch It responds by folding and 
thrusting. In a similar way the skin of an apple U thrown into 
wrinkles as the apple dries, and shrinks by loss of muiature. 

The contraction hypothesis satisfies condition a) qualita¬ 
tively if not quantitatively, but is much less satisfactory in 
relation to (6). Some of die objections are as follows : 

h One would expect the crustal wrinkles produced by 
uniformly distributed compression to fie —in pattern—rather 
lib: those oL a drying apple, instead nf being strongly localised* 
a£ the actual uiogenlc belts ire. Experiments made to imitate 
the Jttweto as cloudy as possible confirm tins expectation 
f^ig- -1*J also show that nothing resembling the pre¬ 
liminary gcosyndincs h rqmxiuccd, 

2. Hie cooling of the earth mii:U have been relatively rapid 
in ila catty history and have slowed down ever since. Thus 
the time interval! between the dimax of each erogenic cycle 
and the next should have bctonif- steadily longer. But the 
actual intervals, though all of the s a me order, suggest a speeding 
up rather than a slowing down [cf, page I Oil)* The Alpine 
Revolution and all the associated volcanic activity indicate that 
during the latest eyrie the earth has been far more vigorous 
than at any earlier time for at least f,eoO million years. 
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It is highly improbable that the earth tan have 
cooled sufficiently during the last '200 million years to 
furnish more than a small proportion o!‘ the contraction 
necessary’ to match the crustal shortening involved in the 
Alpine Revolution. 

At least in the early stage of the earth's history cooling 
would be brought about by convection in (lie substratum. In 
this process (see Fig. 6) currents of relatively hot and light 
material ascend in certain places, so carrying heat up to the 
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base r>r the enm, through whkli of it eseppea by am* 
diutiun. Toward* the top, the current* spread tmi in ill I dira> 
dims from each centre, until they encounter *imibr t urrent* 
fiuiii neighbouring centra mid turn downwards. The dr* 
scendiitg currents consist of somewhat cooled mid slightly 
ItcHvlcr siiiitfriaL The driving farce arises from the difference 
in dimity between the central and marginal cu litmus* This 
kiriEl ol cirri i la lion continues until the temperature falls ncatiy 
lu the Freezing point of the material concerned* 

Bt ii^rc (he discovery of radioactivity it was Uamigh! that 
tive rf ™ivcctivc cooling would not lm very long, bin 
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there if. now good reman to In;JServe that ii may not even yet 
have ecua-d, The only essential condition for the maintenance 
of convection in the substratum is that there should be a small 
supply of heat available, to make good the heat lost through 
the reuse by conduction and igneous activity. That Lhc earth 
actually lias such a source of interna! Iie.u became evident in 
ItN.m, when Lord Rayleigh discovered the presence of small 
am mints of the radioactive dements in a great variety of rocks, 
ihe radiuaciivc dements eiic out heat as they disintegrate 
(see page I nit), whence it Ibilows tltut heat is emitimtnusJy being 
generated within the rocks that contain them. Of the many 
hundreds of samples that have been tested from all parts of 
the world not one has been found to be free From these heat- 
generating derncma. The whole of the heat lust from the 
earth could be supplied by one ounce of radium in every 
l,tMRi million tons of die material of die earth. The rocks 
themselves contain, on an average, fifty limes as much. This 
startling result indicates that the radioactive dements must be 
largely concentrated in die crust—otherwise the earth would 
be much holler than it is, and we should not be here to discuss 
die matter—but it provides no reason lor supposing that the 
material of the substratum can be absolutely devoid of these 
dements. Even minute traces would suffice to keep convection 
going. Moreover, there is the additional possibility that lhc 
base of lhc substratum may receive a supply oTheat from the 
underlying liquid core. Thus we are free iu etplmr the po»i- 
bilitim that arise from the kjpothah »j sub-auilai contteiion 
Cwrfnts, 

Where currents are flowing hnrkontally along the under* 
surface oi lhc crust, they exert a powerful dragon rite latter, 
throwing tt into tension where they diverge and into com- 
ptestion where they converge. Thus we should expect orogrnic 
brlu to be formed where two approadung currents turn down, 
This mechanism is particularly well adapted to account for 
root devetopinem aud for the localised folding and tlnusiing 
of the overlying redimenlury layers. Figs. 2tM> and 3 JO strongly 
suggest that c nrrenis arose beneath I atirasm and Gondwana- 
land and sipre.itl out inwards their margins, where they cn- 

409 


EAfirra iwovKunvra : mountain nurt.Dttfti 

couriered simllur currmtsi Vidtuiging to a vast Pacific tystcm. 
Th* ca idcnrc: that rmits are Milt being hdd down in die Eajtt 
And West Indies indicates that locally, at least, the currents 
may still be active* 

The convective mechanism is not a steady process, but a 
periodic one which waxes and wanes and thm begins again 
with a di(Terrill arrangement of centres. Alter a particular 
distribution of ccfiirrs ha> been ^mhUshcd* the rate of flaw 
foi a very long period must bo extremely duw {Fig* 315). 
A> hotter and lighter material from the b.me rises to become 
the ascending column^ and cooler and heavier material from 
thr 10 p hi ms dot™ Winds into the descending column^ the 
driving Jorce of the emrents-—and therefore their velocity 
—is mereased* For a compare lively short period the currents 
move relatively quickly. Towards the end of tins stage the 
hotter material begins to spread out at die top, while the cooler 
material begins to flow along die bottom. This slows down 
the currents; and a- lux material moves into the jinking 
columns- and tool material into the rising columns, the currents 
Hu at ] y conic ti> rest, ' T h ere .1 her, a u tw amngemo i1 of currci i rs 
begins to develop, 

The rrastat effects brought about by the three Mages of the 
idea! c4invention cycle just described correspond dowdy with 
tiir three stages of the Amplest type of orogcnic cyde : 

Cmmctm C>lf tiftygnnr t>JSf 

1 A Ir.ju- ptni>i ■»( ^linvly A Iras*? prrkuri <jf iuIbSi^JW 

=KL£b:mLmg Csitimti i*v** Utf ille of ibr tinertsdiu/ currrtlU 

„ S Uiiin (•twh! cf rrla lively A ikon jrTKHS of riwu form*! i^n on*l 
cuircnO dft^pnic cunipr^-'Tt, tXiwiulims p^- 

VCTtl* Uwr ftiCH from rmnft iiiEO HOftetk 

equilibrium 

Sliipr 5 A pmud niJura? cunetm, A jicHrxl L»f ifrajluul uplift niri tnioraiii^ 
bruiftij^ tUt rytl* it* an cnij c.f Lunatic c^iiillUnimi 

[ii order in study the efliecii on the crustal layers of can* 
v teflon curie tils in the sutatretum Griggs Iws made a very 
dicetivc series of experiments with small-scale models, using 
materials with prujimies related to the size of the model 
c?cu tly a.v the properties of the earth's materials art related 
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to the of the earth. In one models designed so that an 
earth process requiring owe million yean 4 on Id br reproduced 
in one minute* the cam was made of a mixture of sand ami 
heavy oll f white the sul stratum consisted of very viscous water- 
glass. To generate the currents rotating drums were used 
{Pig* SSMjf}. When the drums are slowly rotated the crust is 
gently downwarped by the descending currents (stage !)«. As 
die rotatioii is speeded up* outward dire* ted tluimts develop 
Ticai the surface, while lIil- greater part of die crust k dragged 
iiiwuriL jutcl downwards tu fpmt a n>u. whidt is kepi down by 
the sinking tiitrmh Mage 2}. As mluthm is llowed tlmvti and 
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Fk. aid 

1 i>f Grists? i dnlmiiic iiiudrJ lu pnni^i * 1 ijrf igT suLcrLMSal 

f ■. i; i" r ■ j |-| n: mriTfaTi md itir response i4 ihc rnuL The iU'r ffliHirulnct lhw" 
ihr dr'^lii^rucuE nT LiJi4 i.il [ft** or icra^isnr; with cnllwjrd thnul- 

Sn*f ww E 1 ,,r iut^Kc • t Fig. I1G' in mpcitu* to- die tuitriili **i up by tbs 
lutailim »?.f Owt tlrwm. 11* tulwarum in ih< bhkH n my rucoui w*WfB^ + 
Ajul Ttlf CiJillliirnMl Olii! L 4 tnBetUR of heavy raj .iul * 4 ttd 

P v * D Gri SS*: Jmvr Jbumf ~f Scimr* vaL 2S7* 1030. p. 

stopped, die exert ■ its buoy nut dTm f and the surface is 
uplifted well above the original level. 

Thus in convey turn Currents we have found a jnechmpSHi 
that cloudy match n lilt rcquiremciiis. Actual currents in 
the sulHtrntunt m&m* of Comse, l>c far more complicated than 
tho^c of I he ideal cycle which alone ha^ been comidcrcd here 
hm arc the orogenie phenomena we seek to understand. 
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In particular, eddies and sivirb an to Ik expected, and one 
ha^ only to glance at a map of i lie islands around the Banda 
Sea (frig. 211 ) lo realise that their distribution may wdl bt the 
uirliiL'c reflection ot'sub-Lrnstiil spiral dike movements. 
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EARTH MOVEMENTS: PLATEAUS AND RIFT 
VALLEYS 

Surface Expressions of ErRXftOQKEUc 

VVk Im-c now tocomkh j the matal strut mm. .md thr result- 
fag modifkatiqfiaofsurfjwr rchefj brought about by movements* 
of uplift iiiid j.ub$jc]riii c, Hie frame work lieic. 1 *' grain " of Hie 
continental cntsi -ire drlenninetl by thr oragcntr bdi5 f bill 
sujwrimproed pvt this primary framewmk there arc later 
eprirogeme effects due io warping fracturing, and Faulting of 
the crust. Here the movements arc essentially up and down. 
The crust behaves somewhat like a flagged or badly cracked 
pavement on a shining foundation. Widespread swell* and 
sags frg r plateau- and basins—arc produced by differential 
warping on a regional se^lc, characteristic ally accompanied by 
mLirgin.il and Internal faulting ; and ridges and trough*—-* -g- 
blnck mountains and rif'i valleys—are produced by differential 
mow incuts nf the 1 nilt-margined block- and strip- into 
w fiii h du didcKrated crust L shuttered. The net effect of 
all these qurirogmic anti related movements Jn recent geo¬ 
logical time has been, despite local sinkings ami in breaks, 
to elevate the greater parL of the continental surface vvcli 
above sea level. 

Plateaus arc broad upland* or considerable elevation, 
libel and the Colorado and East African plateau* arc out¬ 
standing examples, Hams arr rdiitsvrly deprived regions ol 
roughly cquhlimcnEiaiial outline. The term 1$ mol very 
wide-ly and is applied to all broad sap of the crust, whatever 
the surface level! may lie ; from *ca basins, like the Black 
Sr,i or the C drbe> Sea, to moumam-rii limed plateaus which 
are often, like the Great Basin of Nevada characterized by 
internal drainage. Ideally p the drainage from n plateau 
would be outwards and that o f a. bavin inward* ; but as many 
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plateau-- have locally dimpled or down-broken surfaces and 
many basins have drainage exits through marginal depressions 
in the rims, this simple criterion b far from bring of general 
application. The term " basin ” is also given to ancient crustal 
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sap which have been filled with sediment* and in ^itnc cases, 
ns in Africa, subsequently uplifted into pLutmis (Fig, ±2$), 
Regions winch have b&m divided by faulting into relatively 
derated or depressed blocks are .aid to be Marf faulted. The 
upstanding fault bloc b. which may be small plateaus or long 
ridge-like blin k mountains, are called hunts \ Fig P SIT), The 
Hercynian massifs of Europe, suds us the Verges and the 
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»J;u k Forest (Fig. 2IK'- and thr Hart Mountains, are Horsts. 
Block-, which ha\c been tilted, like many of tin? Great Basin 
ranges i' Fig. £21), urr sometimes, distinguished as tilt blocks. 
The North Pennine region, as shown in Fig. 3ft, is an up- 
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tilted Mock dopim; gently down toward' tin- .North Sea. Fault 
blocks depressed bdow their '.umxmdings !..rrn minor basins 
tir Jmll troughs, A long fault trough, forming .\ tectonic valley 
bordered by parallel fauli scarps, is known its a rifl vultp, 
between die hoists of" the Vosges and the Slack Forest the 
Rhine flow? through a tilt valley (he Rhflngrnhrn -Fig. 21'*}- 
The river occupies the valley, but did not excavate it. The 
most renowned system of rift valleys, however, is that which 
traverses the East Alt it ah plateaus from die Zambesi to the 
Red Sea and beyond {Figs, 223 and 22*5-2*}. 

In the course of dine thr surface relief which results from 
cprirogenic movements become* greatly modified by denuda¬ 
tion aud deposition, and locally by volcanic activity, Never¬ 
theless, as illustrated by the examples already mentioned, the 
face of ihr earth of To-day is diversified by many nnv or 
boldly presen'cd roj in graphic features which arc primarily 
due to vertical movements. Tile reason for this is that such 
movements have been unusually active during Tertiary and 
late geological time, right down to die present day, l>ccp 
gorges arc being cut by river's in high plateaus ; fault scarps 
arc bring gradually worn back by the sculpturing hand of 
erosion ; block mountains arc being carved into hills and 
valleys, and sediments are at cumulating in basins and troughs ; 
hut Jong ages must elapse before the broad outlines of the 
topography of these reft in ns cease To reflect the latest epetro- 
genh dislocations of the crust. 

The irregular *utfucc of a fractured pavement is due mainly 
to the varying subsidence of different parts of a poorly laid 
foundation, ltdiucnced by the idea of a contracting earth, 
Sucss considered the vertical movements or the crust to lie 
also essentially downwards, “ sunken ,f and 11 uplifted ” 
regions being simply those which had subsided to a greater 
or less extent than their surroundings. Horsts, according to 
Sirius, arc merely block* left behind in (he general down- 
set tli tig of the crust nn the shrinking interior. This conception 
of the underlying mechanism is no longer acceptable. There 
is n» jmtificat!nn lor making any assumption as to whether 
the up-and-down movements carry the surface of die region 
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affected away frotn die centre of the i^loW or towards it. 
Some standard uf reference there must be, Iiowevef, ;Uid for 
general purple sea level ir the mtnt appropriate one, whenever 
it can l*c a|>]n-.tlcil in. In drilling with movement along a 
fault plane such reference may ik.iI tie possible. The blocL 
on one side is aici to lie down thrown or up thrown relative to 
the other. Hr re, each of the adjoining blocks senes as the 
standard of rdercncc for the other, in ihc same way a basin 
or rilt valley iii naturally described as a region of depression 
relative to an adjoining plateau or range. The floors of sonic 
basins and rift valleys have indeed subsided below sea level 
(Tig. i tifii, while in ©thei cases the 11 depressed ** trad may 
liLivc Wen njiiiEVd. !>lji less so than its surrounding*. 


ILIICTUATION* OV SEA I*KVE1* 

Although sea level is the nearest approach wc have to an 
absolute standard of reference* h most not hr overlooked that 
the level of the sea itself flute mates from dale Jo time* U the 
frozen water now linked up ui die GieeuIamJ ice shm, ami 
in the fer gtcater urte ul Aiitaiclira, were to be mdted in 
comctjuaice of a change of dhrt.itc, the volume of the 
vKeum would be imrc^ed and the a-ea level .allowing for 
W^iatie rcatuou?) would rise by about I DO fret. All die 
lowland* of thr world would be inundated up to this height, 
and to envisage the rcuilram constrjnences to humanity 
bailies the imaginaffon. 

Yet mankind has already lived through even greater 
changes. During the Pleistocene; iec ages* when vast ice sheets 
covered immense areas of Europe and North America, thr 
le\ r d of the sea was about sou tret lower than it Jb now again 
afkjwnig ibr isostaiic reaction*! u Broad itrctoJica of hind then 
extended beyond the present dmrtttofsill die maritime com dries 
whidi lay tundde the hkmkntitig iec field*. The bottom nf the 
Petdan Gulf, for example, rotui ihm have \mm a fertile plain, 
[Inured with ujkivmm hum (he imitnl waters of the Tigris and 
Euphrates- This vanished (and was, in all probability, the 
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home of ihr ancestor* of the Sumerian pcoptc who immigrated 
into Chaldea thousands of year* ago. Wr can easily undcf^ 
stand why the migration was inevitable. As ihe lust ol the 
forme* ice sheets began to melt away the sea gradually rose and 
occupied the Gulf, driving the dispossessed population into the 
higher ground ol Mesopotamia* where the remains of their 
seulrments. long buried by ris er sill and wind-blown £and, bas e 
been (Ihlmcitcd by gurchicologi»ti. 

World-Wide rlumgrs mfsea level, whether due to fli-c gttowih 
and decay of icc sheets, to diiplacemcni \ \ Water by accumu* 
bring sediment^ or to other causes ai r described as tuifflit 
changes. In general these arc always more nr less involved 
with slow crustal movements due to isnstaih readjustments* 
The removal of an ice sheet* for example* reduces the mass 
of the crustal column beneath the glaciated area, and in re¬ 
sponse the region is slowly heaved up until isosUUc equilibrium 
is restored. At the same time, bin still morr slowly, die ocean 
[Jour* nmv loaded with the weight of the restored water, 
rcjpnnd* by sinking a little* Moreover, in certain pi area 
independent earth movemnm may be simultaneously ufifecting 
the level of die crust. For these reasons the recent di anges 
of level indicated by land emergence—raised beaches— or 
land submergence— e.g. submerged forests—can only in part 
be referred to ettftatk changes. "Die Victual displacement a* 
any particular bxadity i* rhe algebraic sum of the changes «t 
level due <xt) to the recent cu&tarie * hanget of sea level ; 
fi) tu the degree of iwwtatic rcadjtutnicni st> lor accompLiihttt 
at dial place ; and quite commonly (e) to independent earth 
movements which in some places are still going on. 

When ihc relative movement between land and sea U a 
few hundred feet or less, it is often dillicuh or evuo impossible 
to disentangle the separate effects of these dues factors. In 
dealing with the major effects of epeiarogeme movements, 
however. this difficulty'docs due arise, for if commonly happens 
that tlie change* of level involved arc measurable in many 
thousand* of foci. Moreover, wherever faulting or lilting ha*- 
token place h U dear that earth movement* have operated, 
since cm uric change oi level are everywhere uniform. 
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Di&i.otavno^ oh Ojtoomc Belt^ 

As vr hxivc already stob, the roinprr^con Dl‘ an arngeme 
belt h normally followed by uplift. This first upheaval of 
the mountains can i>c reasonably interpreted as a direct effect 
of isostalk readjustment, due to the buoyancy of the root. 
But the root h sometimes quite short-lived. If its heated 
material suite n? and *proadt tnii. the moutUativ- subside ag^dn 
over tile weak and unstable fbiindaiicms. Thereafter, the 
kfatwy of dm folded tracts and the adjoining nr vm is one <4 
continued epdrogctifc movements of tach variety and com¬ 
plexity that no adequate explanation is yet tort helming. In a 
general way subsequent uplifts can perhaps Ik: referred to 
i hie kern" ng by compression of the weaker parts of the softened 
foundations, accompanied by widespread up arching and 
crankhig of lhr overiylng layers of ihe crust. But deep sub* 
sidcmzes oko occur, and these present a problem for which no 
satisfactory iohition bn* yes been offered. 

The Rockies and the Audt s are examples of ranges tli.u 
illustrate some nf these remarkable vir miracles* They readied 
their pmrru elevation* by comparatively recent uplifts which 
took place only after the? first mountains had already been 
reduced to low-lying plains. In the high elongated plateaus 
of the Andes the uplifted plain, now surmounted by great 
volcanoes, can easily be recognised, Moreover, it is clear that 
parts of I he plain must have been submer g ed bduw sea level 
bdbre the uplift took place, for unfolded Pliocene marine beds 
arc still preserved at height* up tu £,000 feet. 

Turning to Europe (Fig. 300) it i* apparent that the 
Hercynian belt has kni severely faulted and broken up into 
isolated upstanding blocks with intervening depressed areas. 
South-west Ireland is separated from Cornwall and Devon by 
the western approaches of the Atlantic. Between the honm 
of the Vosges and the Black Forest lies die Rhine rift valley. 
Moreover, as we have seen, much of I he broad HcrcyuLm 
bell subsided at a very early stage to form the flour of the 
Alpine geosyncliiic. 

Even the Alpine ranges have had tlitir up and downs. 
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The ti aiditoclagO provide a good example of the 

Fragment at inn and partial collapse u[ a mountain range, 
before tlit PI incite Greece was directly connected Wrtb Crete 
and Asia Minor. Tim h proved by die widespread occurrence 
id the faked* and surrcmidlug coy n trios of tiiick deposits of 
fresh- water mark crowded with the fossil shells of snails* 
Lying on these lake deposits there arc raised beaches and 
marine strata of Pleistocene age winch indicate subsidence al 
the time of the first advance of the Western Mediterranean 
into llic Aegean area. At Lhb Lime also vuk&nocs broke out, 
some of Whkli are still active. A* a result of more recent 
faulting and localized uplift* the laic deposits and raised 
beaches now stand at various levels up to ItpOOO feel in the 
lilditrb and over 5,0011 feci near the Gulf of Gorin tin Along 
the shore line* these beds are abruptly cut off, without change 
of thick ness j shoeing that they must continue beneath the sea. 
'Flic islands ore hoists and between them the sea occupies die 
intervening regions of collapse* The prevalence of severe 
earthquakes indicate Ant die region is still very unstable. 

The Bluet Sea is another region oF quite recent Mibiidcticc, 
due lu tills case tu the inbreak of roughly circular areas within 
a scries of arcuate faults. Samples brought up from the tV>nr 
of Ac western basin m a depth of over fret prove to i>c 
Pliocene laud deposits Nearer the present shores there are 
rcM-ni mnrdi depndla u Inch arc now submerged to depth* of 
at hyisi SOU fi-rr. [ hose must have gone down within the last 
few thousand years. 


The Co&mtLE&AH Plateaus of Nokth America 

'Hie Cordlikiu of North America mcludn all the ranges 
and plateau* west of tint Great Plains and of llie coast id low¬ 
lands o( the Gull t4 Mexico* The general structure of this 
Jong and complex highland region is shown in plan by Fig* SOI 
and in scrbori by fig, -Ith The Rocky Mountains and their 
Alaskan and Mod- im i nnliiniations (folded at the end of the 
Cretaceous) rise hold!) .ill along the eastern marg in ■Plate 
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To the west the pbieam arc bordered by the Cascade and 
Sierra NeVftda ranges (IhJricd ji the close of the Jurassic), 
Stilt farther west the Coast Ranges (folded in the late Tertiary 
and Pleistocene) margin the Pacific. 

In the L'nited States the Rocky Mountains represent only 
one side of the orogenic belt to which they belong- The other 
side swings out to the west, where it Jilo iv;cfi transformed by 
erosion and block faulting into the range and depressions ol 
the Great Basin. Farther north a. similar rr.sci, buried under 
a thick cover of plateau basalts, has become the Columbia 
Plateau. Between the Great Basin and the Southern Rockies 
lies the unfolded median area of the Colorado Plateau. South 
of this median area the two sides of the Rocky Mountain 
erogenic belt unite, the two I routs bang represented by the 
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eastern and western Sierra Madre. Between these mountain 
ranges there is no unfolded median area, but the imermontane 
region has nevertheless developed inn. the Madam Plateau. 
The tectonic history .jf this plateau is thus somewhat tike that 
ol the Great Rosin, but it diflerv in having widespread lava 
trat is on Which, in tile ;nu(h, a Jerits of lofty volcanic cones 
(including Popocatepetl, 17,620 feet) have been built. In 
Canada anti Alaska the in term on time plateaus, though more 
constricted, extend through Britisli Ckdumbia to the Vukon. 

The Colorado Plateau b distinguished by its great height 
■tnd by the fact tn.il it is built of tifiri 20 ni.il or gently un¬ 
dulating sediments. The region was fini uplifted with its 
bordering mountains ai the end of the Cretaceous. Deep 
HWflion and accumulation of lake and alluvial deposits occurred 
during the Eocene. A second uplift, with much dislocation by 
faulting, took place in Middle Tertiary times, alter which the 
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plateau \v;ij if-.itn worn down m a plain, The btrM uplift 
has rahed tin- surface to bright* of 7,ntm to 10,000 fort since 
I hr beginning of the Pleistocene. 

The Colorado River and its tributaries have cut deep 
canyons through the Plateau {PUtra I and 4411), Northward* 
fri'iri she Grand Canyon (s«: p. I UP fin description] the surface 
rist". by successive cliffs and terrace to over ll.imo feet in the 
high plateau of Utah, the edge of which lias been sculptured 
by erosion into such fantastic kmd.icaprs as those af Bryce and 
Zion canyons fPlaic U2 a"!. West of Bryce canyon arc the 
famous laccoliths which are responsible for the updnmcd hill* 
of the Henry Mountain*, To the south of these, im the other 

side of llie Colorado River, is ... Valley, *n tailed 

because uf its obelisks and towers ;imJ other castellated erosion 
remnants, carved out of red Triasric rodcs (Plate 04»), South 
of the Grand Canyon a considerable area Is covered by lava 
flow? and dotted with hundreds of small volcanic cones, now 
extinct, but so perfectly preserved ihut they are obviously 
very youthful features. Not far away from the volcanic area 
is Meteor Crater, a great depression i ( 0(Ml feet across and 
500 feet deep, caused by the explosion which followed ihr 
impact of a giant meteorite thu! fell from the sky. This brief 
outHnr give* hut a faint idea nf du variety and interest of the 
magnificent scenic: and geological features fur which the region 
is so justly renowned. 

Bordering the Plateau on rhr north, ihe Uinta Mountain* 
extern! at right angles to thr YV; watch Range for IKO mild 
along the Utah >idc of the boundary with Wyoming. They 
provide a classic example of subsidence and uplift on a 
stupendous scale. As shown in fig, 220, the structure i> a 
broad open anticline, 45 miles iicitws, cut by steep caltsmd- 
' ral faults, flic sedimentary rends* are all shallow water 
ty|>es which were deposited, in a deeply subsiding part of thr 
Rocky Mountain gray inline, to 0 total thickness of 36^000 
Iret, Since the Ptr-Cjnibiijii foundation of this immense 
pile i-. now exposed at a bright of to,turn feet above sea level, 
it follows that the -mltort]unit uplift has amounted to 45,000 
Jeei, Late Cretarcous u parching of the sediments raised the 
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crrst to jibout 10,000 fri e. During -md .after this devotion 
(lie surface wa* rtctivdv criKlrd, and Eocene M-dimt-iib were 
dtpo&ifcd in The dcpr^sio&f bordering die great arch. The 
main faulting brgnn at rhe mil of the Eocene and the range 
was uplifted *5 p 0ikj feet + the Eocene deposits being dragged 
up and strongly tilled at the same lime. Erosion continued 
to lower the surface. Finally Lhe range received a further 
elevation of Iimmmi feet by sharing m tiie regional uplift which 
raified the PlAlcatu during the las! million years or so. 

The Grt&l Ikuw is, for the moat part, an area of ml cm id 
drainage made up of mure than a hundred uudrained imugh* 
and basins lying bet wren Imig block mourn idea which trend 
Approximatety north and south. In the extreme south west 
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«f the area (he drainage escapes into the Colorado River at a 
point which is now the site of the grrrtu Boulder Dam. The 
upstanding blocks known as die Basin Ranges, rise (o heights 
of 7,000 to 10,000 Feet T’Fitr S4a). 'Che bordering ranges of 
the Sicira Nevada and die W-iaaft-h Mountains ate gigantic 
tilted blocks I the santo type, with I heir Upl tiled scarp* hiving 
in wan Is in each case. The floor levels between the ranges 
rarely exceed r>,i»io feel but are usually above 8,both There 
are two exceptionally low down-faulted troughs alortq the 
western margin. North of tin- mouth of lhe Colorado River 
at the head ni die Gull of California—it sell a great depression 
—is the Sal ion Sink, feet tjeluw sea levd. The Floor of 
Death Valiev, itOO mile, to the north, is just a few feet lower 
' Plate 85a). 

like the neighbouring areas, the Great Basin region w.u 
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reduced to a plain during Tertiary times. The move men ts 
and most of the differential faulting which have determined 
the present topography arc post-Tertiary, Along some uf the 
faults there are lines of youthful volcanic cones and, locally, 
thin sheets of lava have been faulted Into strip* which now 
stand al very difierent levels, Most of tlir Basin rangr-t ntir 1 1]l 
block* with steep fault scarps oh one side and gcntJcr bach 
ilppcs on die other (Fig. ESI). The older scarp* have been 
oonudenib]). 1 eroded into ravines and spurs and die Umet 
slopes nrr often aproned with hereto and fans of rt*k-waste. 
Both these and tin* spurs are E run rated by trisngulai facers 
ahrng (hr lower dopes oJ some of the ranges, showing that 
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quite recent fault movements have occurred* The severe 
cimhquoitc "I Owens V alley in 1H72 was due |u fan!ling oi thi^ 
kind :u the foot of the Sierra Nevada, 

The haAins and troughs are often coated or levelled up 
with sediment from the ranges. Some are barren desert wastes, 
oihm support scanty vegetation, and swimc contain lakes, 
Ridfuty tempi n ary, li die basins fillrd with water until over* 
flow from our tti another became pebble, an external drainage 
oulcl l>tr ritabllshcd. But the climate is arid, as the region 
foil- within the rain shadow of the Sierra Nevada, The supply 
nf water is limits! and the rate offoss by ev aporatiou ls 
Lakes arr i her (Tore shallow. AIiuil ml* them arc laJine, and 
Mirmundni by dmii flats kmiwo ai? plavtis or by saft-cnnTUiled 
flats called satinai [ Plate 85 b,. Grot Sait Like, near die 
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Wasatch Range, is the suit-saturated relic of a much larger 
ft esb-water lake, known as Lake Bonneville, which during the 
h e Aye expanded to a height of about 1,060 feel above the 
present level and found an exit northwards into the Snake 
River. The terraced shore lines of iliis ancestral lake {cf, 
Plate 03 r form conspicuous horizontal features along the 
dopes of the many ranges which formed its margins or stood 
as islands above its surface. 


The. Plateau* anii Basins or Central Asia 

The surface of A ia lias been compared to a bas-relief with 
a raised pattern of folded and block-faulted mountain ranges 
on .1 background of plateaus and basins and marginal plains 
(Tig. The ranges represent the compressed sediments 

of former geosynclmcs. Although the elevation of the present 
ranges is due mainly to Tertiary faulting and uplift—so that 
most of the ranges norih and north-easi of the Himalayas arc 
block mountains—their erogenic folding is Jar older, except 
in I he south. The Caledonian orogeny was responsible for the 
folded ares around Aiiganland and for the eastern pan of 
lilt Altai Mountains, t he Hrr> ynijin orogeny is well repre¬ 
sented in the western Altai and the Tien Shan, and in the 
bordering range., north of Tibet, rind, l^s markedly, in there 
cam cm continuations. The folding of the latter, from the 
Trintmg Shan to Japan was completed in middle Mesozoic 
times, forming a central mountain belt which now divides 
China into two natural regions : the desert and locss-covercd 
country of the north and the green and tree-dad lands of the 
more genial south. Tire folds of the Himalayas, Burma, and 
the Dutch East Indies, anil somr of tire Pacific island festoons 
were added by Tertian 1 mountain building. Thus the inner 
ranges arc the oldest and the marginal .ires of the south and 
cast are lire youngest, with tire “ negative belt” turmunding 
the East Indies ( I 1 ig, Hi I still in process of development, 

Asia thus appears to have grown by successive additions 
to the Angara!and nucleus. 'Hie mountain ranges welded 
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TttlOoic map of Aim* iforottlg the main Lrniil^im if ikKcctiiv^ mantle bdti 
and rhe ififrrmontsru- ptoi*-iii» mm \ tmftiiiA. ‘Itur ahkr and more MJtW <r n-^btti 
al ^ifikud -ind |tiJi.t 4 ^ uiikald liy luidiontfll ih4slinj 

together thr formerly isolated areas which are now the inter- 
montane plateaus and basins. It follows that the latter repre¬ 
sent tlie regionj that furnidird .sediment?, to the geosyndines 
out of which the mnummn rims emerged. With the exception 
of at least the southern half of Tibet they arc not median areas, 
like the Colorado plateau, but arc essentially minor shields 
or lordancU, tmeferiain by very ancient rocks such as the 
granites and Enr.ksrs of Mongolia. The depression* of their 
warped and limited surias.es arc, of course, veneered with 
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or lake vnliinnitt derived from the erosion of their 
mountainous frame*. 

7 ibtt h the loftiest of the world's plateaus, with an average 
height of lM»i> feet. Nevertheless ihc southrt-n part lay 
beneath the Tethys as recently as Cretaceous times. The 
non hem pan was already land during die Jurassic, During 
the Tertiary orogenlc cycle die whole region was wedged up, 
as indicated diagram at lea Jly by Fig. IW. The Altyn Tig It 
and Kwen l.un, although folded long before the Himalayas, 
were then thrust upwards and out wants towards the Asiatic 
foreland. Tibet is thus :t sort n! composite median area, 
beyond the steep scarps of the Riven Lun lies the much lower 
liaidam basin ; 8,(1011 feet), a desolate waste or stony flats and 
salt marshr.i in which the Hwitiig Ha has its source. In 
the east and south-east of 1 diet several ranges rise above 
the plateau and swing round toward* the smith, forming 
the almost impenetrable harrier of the Great Snow Moun¬ 
tains. Here the Salween, Mekong, and Yangtze Riven, 
which rise on the plateau, flow through closely parallel 
gorges which ate .nnongst ihc grimmest and least accessible 
in the world. 

'lo the east of the mountain barrier the country descends 
hy giant faulted steps into the Red Basin a] Srjehum \ 1,500 3,000 
feet), so called because of the prevalence of brick-red sanditonw 
which wane deposited in Tertiary and Jurassic lakes, Willi its 
humid climate, productive soil, arid mineral resources, this 
region Is the most prosperous province * if China, The capital, 
Chungking, a situated in the south, on the banks of the 
Yangtze. 

North «f liliet the Altyn Tagli drops steeply into the dry 
and wind-swept I Slim Rafin i-. 0 lKi (1,000 feet). The fault 
scarps face inwards, as also do the precipitous walls of the 
1 ien Shan on the north. The basin is doored with bare gravel 
and belts of sand dunes. The sluggish arid intermit lent 
drainage terminate in the stuffing call marshes of I.op Nor. 
Formerly the lower parti of ihr basin wrje occupied by .i vast 
lake, the shore terraces of which, originally fl.it, have recently 
been tilled so that the western end is now I ,(Hiu feet above die 
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eastern. A subsidiary basin to the north-east encloses the 
depression of Turfan, 720 feet lx-low sea level. 

The Tarim Basin is practically o]>en towards the cast, rising 
by' low steps into llie Gobi Desert of the Mmgalum Plateau 
(.1,000-3,00(1 feet). Tills vast and largely desert tabid at id is 
extraordinarily Hat and monotonous. The low ranges of 
block mountains which traverse it have all t*en worn down 
to low relief. On the east the plateau drops abruptly to the 
Manchurian plains along the steep fault scarp of the fire at 
Khingan. 

To the north, Mongolia b bordered by the mountain* 
around Angara land, within which lies the rift valley occupied 
by l.ikr Baikal. The lake floor descend- 3,030 feet from a 
water level of 402 feet, indicating that the bottom of the rift 
s.illey is at least '*.477 feet Itclow -i-a level, Lake Baikal is 
the world’s second deepest lake, and it occupies the deepest 
known continental inbreak (Fig. 227j). 


The Plateaus and Basins op Africa 

Africa, to which Arabb must lie added from a structural 
ptiint of view, is a vast continental shield, margined witli 
folded mountain- only in the extreme ninth and south. Apart 
from limited marine invasions atrnis the coastal plains and 
more extensive inrtinions iif the sea across Abyssinia and para 
t>r die Sahara, Africa has been u land area since the Pro 
Cumbrian, 1 liroughont this long period the movement of the 
sliidd have been persistendy epcirogcnic, giving a structural 
pattern of broad basins separated by irregular swells winch 
rise towards the east to form a coalescing series of plateaus, 
the latter bang traversed by a spectacular system nf rift valleys 
(fig, 22, Jl. I lie plateaus and swells have been in I eminently 
uplifted and denuded, with the result ihsil 1 hey now consist 
ol olil rods* which were formerly very deep seated. The basins 
have been lltc receptacle of thick deposits of continental sedi¬ 
ments representing the material eroded From the uplifted 
tracts. 
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Some of the basins ore arid regions of internal drainage. 
The Chad basin is one of the most remarkable,. Lake Chad, 
fed by the Shari River from the swell to the south, is a shallow 
expanse of swamps and open water with no visible outlet. 
Yet the water is not stagnant, and although evaporation front 
its surface h high it dinrs not become brackish. Despite appe.tr- 
anres, Chari b not a terminal lake, for ir drains underground 
and feeds the oases of the Dorku low!amis 440 miles to the 
north-east, El JuJ, a vast dr>:crt drpresjton north of Timbuktu, 
is one of the most awesome and least known pans of the Sahara. 
On the other side of the Equator lies the Ktilakati basin, partly 
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grassy steppes and partly' desert, with internal drainage; in die 
ik.hi ik towards llie brackish swamp* of'* L.akt " \garni. 

In striking contrast K tlir equatorial Conga basin, copiously 
watered hy tiic great ihiiff Syitfittlafter which it is named. The 
whole region is underlain by thick continental sediments of 
hue Carbon Herons to J urassic age ‘ coll e< lively known in Africa 
as the Karroo system). These everywhere dip gvmly inwards 
from the surrounding swells., as a mult of warping which 
occurred in Tertiary times. The basin us a whole is slightly 
tilted towards the coiith-enat. Where the Congo meets the 
swell on the coastal side it forms Stanley Pool, w hence it escapes 
across the obstruction to the Atlantic by way of a series of 
cataracts. The basin of the .-1 rgto~Egyptian Sudan is less easily 
traversed by the Nile, In tire southern pari of the baritt die 
White Nile Follows a sluggish and tort unto course tlirough a 
wide expanse of papyrus swamp* and lagoons. Tlrii k floating 
acaimiiLuirm. of vegetable remain*, known as the Sudd 
(Plate 75a), obstruct the interlacing channels. These hot 
needy swam pa are I he relic of a former lake, the extent of which 
is marked by vast spreads of sediment. The level rose until 
die waters overflowed through a notch in the northern rim, 
to become the vi gorous Nile of the six cataracts between 
Khartoum and Am van. 

To the east, from the head of the Red Sea to the Cape, 
Africa has been uplifted into a Seri.:- of plateaus interrupted 
by occasional minor down warps. The basin of the Karrr-i 
in the south—the type area of the Karroo system—rises across 
the High Wifi and the Bum to Hiddutid;. to the basalt-capped 
crest of the Drakensberg escarpment. The 11 Great Escarp* 
men! " borders the Interior Plateau of South Africa right 
round to the 'vest, but nowhere else is it so strikingly developed 
as in the precipitous walk of the Natal Drakensberg, in place; 
U.UOUfeci high (Plate 8?A). It should be noted, however, that 
thh escarpment b an erosion Feature (page 17L»), and is nut a 
fault scarp. To the north is the much older burin of the Rand 
goldfield, with Johannesburg on iLi northern rim, where the 
goJd-btariru: strata dip southwards and are accessible to 
mining until tliey jink to depth, where the rocks arc too hot 
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to be worked. North of Pretoria is another ancient basin— 
the great Bushvcld igneous complex, ill unrated in Fig. 42* 
Then tome* the depression of the Limpopo River, succeeded on 
die north b> the Rhodesian plateaus, drained by the Zambesi, 
and deeply trenched on dir mirth-cast by the Nyasa rift valley. 
Farther north is the oval-ihaped Central Plateau of TiU* 


Vm. fit 

Mip ivT I jfec Kvotfa, t%4mria, » tltmrale thr efEd-« *f hAdoiiETiti^ af ihe jilmt-L'i 
uut i>( die Itatra Rift Valley 


guttyika, Kenya, anti Uganda* Tim region w;is reduced to a 
peneplain in Miocene times, but it has since been uplifted some 
4 f 900 to AJRH) feet* Even the Central Plateau exemplifies the 
African habit of basin and swell. Lake Victoria occupies a 
recent crustal sag [Fig- 229} * The lake i Li elf has gently 
shelving shores, and nowhere exceeds 2To feet in depth, 
ric^piEc its oiormoiL* area. The bordering swells ate deeply 
imu hed by arcuate series of rift valky^ A significant feature 
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of ■hr plateau iv the characteristic rise ol (hr surface towards 
the edges of the rifts. Hie tipw&rping on the west is so recent 
that rivers which drain'd wcEtwnrcb during the Pleistocene 
are now reversed, so that they How inwards and drain either 
into Lake Victoria or into tlic Victoria Nile (Fig, 224}. The 
curious shape of Lake Ryoga and its swampy margins, filled 
with papyrus and sudd, is n dear indication that the Kafu 
River and its tributaries have been ponded back toward; a 
subsidiary dimple north of Lake Victoria. 

The Central Plateau is divided from the Abyssinian High¬ 
land's by the relatively depressed and block-faulted tract of 
plateau bvar and volcanoes in which the rift valley of Lake 
Rudolf is sunk. The lavas continue into Abyssinia, where ihey 
surmount Mesozoic marine sediments, all lying horizontally, 
though now uplifted through many thousands of feet. The 
Abyssinian rift valleys branch from Lake Rudolf and emerge 
into (he desert ptnins of Afar, a region which is structurally 
part of tile Red Sea depression, though cut off from the sea 
Itself by a long vulcanic barrier (i'ig. 227), 


Tub African Rift Vaji-F.ys 

The irrtri Hji nifty was introduced by Gregory for the 
41 Great Rift Valley " of East Africa, which he was the first 
to recognize as a tectonic feature due to faulting. Gregory 
defined the term to mean a long strip of country lei down 
between normal faults—or a parallel series of step fault*—as if 
a fractured arch had been pulled apart by tension so that the 
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Western Rifta 


keystone dropped ill e« blot or in strips. Die floor* of some 
rift valleys (Fig. 225’ !i.iw obviously subsided, hut in many 
casts it hi equally ulr.ir dial they have merely lagged Iwhind 
the surface of the adjoining plateaus in the COurec of a general 
uplift, Moreover, there is growing evidence that the orthodox 
view which associates the inbreaks with tension is far from 
being of general apj mention. The term rijt vaUrj is therefore 
used here without Em plications as to the mode of origin, 
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Tin: rifi valleys do uoi t: on* tit me one long continuous 
trough with a curving branch to 0re west, blit nevertheless 
they are J parts nf it single \\ item which extends from Syria 
to the Zambian, a distance nf about 3,'JOU miles, From south 
to north the system fall* naturally into the following pans 
(Figs. 22<U2H); (<t) the Nyrai section and its bifurcations; 
{!)) the Western Rift from Lake Tanganyika to laikc Albert ; 
if) the Eastern or Gregory Rift cast of Lake Victoria ; (</) T ^»kr 
Rudolf and die Aby ssinian section ; and {<) die Aqaba-Dead 
Sea-Joiditn valley section (Plate Stfla), with a branch up the 
Gulf of Suez. Between (d) and (#) the Red Sea intervenes.. 
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Some of the scarps arc old and deeply dissected by erosion, 
but die most recent ones arc sleep and di.irpty defined. In (hit 
Eastern Rift lavas preceded and intervened between the suc¬ 
cessive movements and con-’Cfjueiuly the older flows, which 
cover immense areas in 
Kenya, arc themselves 
faulted. Most of the 
rift faults follow direc* 

Usuis not far from N.N.E. 
or N.N.W. Trends ai>- 
pmxi mating “ s 
arc Jess eomttn.Hn, ». (M 
ate most characteristic in 
the extreme north and 
south. 

The association of 
volcanic activity with the 
rift valleys is too plain in 
hr missed, but it ts tan- 
talmngly variable. In 
some section* lavas have 
been erupted on an im¬ 
mense scale, in some 
only sporadically, but in 
ethers not at all. It ts 
curious that some of the 
deepest troughs. Like that 
<if I_ikc Tanganyika, *how no signs of vulcanhm. In two of 
the volcanic regions rite alignment of great cooes— e.g. north 
of hake Kivu acrc^s the Western Rili (Date 87b), and from 
[Kilimanjaro (Plate 45) and Mem (Plate 88) to the Giant 
Craters in the Eastern Riit —suggests that they lie over E.-W. 
fissures. But no generalization as to distribution is possible. 
The volcanic mountains of Kilimanjaro and Kenya rise from 
the plateau well outside the Eastern Rift, while Elgon and its 
neighbours are situated hi II on the inner 
Like Kyoga, 

There b a remarkable and dgnifirant uniformity in the 
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width? of iJie rift .illryt-., a*. ili<- following mr.huroncnts in 
kilo me ires) indicate : 


Lake Albert , , 85- J 


. 85- 15 Dead Sea . 85 

i Gull'of Alpha 50 

Lake Rudolf 55 



kuLwa ■ 55-70 Lake Nyasa 40-90 

Rift va I leys in other continents also have similar widths — e.g. 
the Midland Y.Jley or Scotland (Fig. I8u1, 70-8ti: the Rhine 
rift valley (Fig. 818), 85—15; and foiLc Baikal , Fig, 225 ), 
30-7ti. 111! Red Sea, with a width of 300 -800 Liu,, is obviously 
a depression of a different order. 

Another significant fact about the African rift valley? is 
that the opposing vv;JJ- anti pl.ifcatis are not generally oi the 
same height see Figs. 235 and 230). fri *rni C cases,'indeed, 
the depression is uf the irap-doortype, with a high wall on one 
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sidi- and link or no faulting on the other. The Hour levels 
are also highly variable. The Western Rift block varies from 
2,! rm if et bchjw sea h-v«-l in the l ingmyika trough to 5,000 
feet -ib-ivr- sea level south ol Lake Kivu, dropping again to lew 
ihiin 2 ,<mh> feet in Lake Albert, Lake Kivu oveupiry a high 
level valley which would drain to the north, and to to the Nile, 
but for Ihr Let liuiL the volcanic field of flinmgn forms a 
gigantic kva barrier which hits darnmtd bark" its waters 
iFig. -8fo. ] he lake overflew? to the south where the river 

has *. ul 3 deep gorge through an older tint! lower volcanic 
barrier. It thus drams into Lake Tanganyika, which in turn 
overflows in Iced one of the headwaters of the Congo. An 
astonishing and unique feature of* ifac Wr-tem Rift in the 
towering bmt of Kuuvnuri, which rises front within the 
entire ling nil valley to snow-dad |*aks up to Irt,7frt feet — 
more than feet above the general level of the plateau. 
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Map of pan h ihr H nirtu Rift Valley, tJiowtog the vulcanic amu ilrfach', iml 
llic IwifJi of K»w«ttawi. a ocrra whkJi it nun 


Ritwcnaori is by far the highest non-vokanic mountain in 
Africa, It is an upwedged block of ancient roctamorphic rocks 
like those of the plateau. Towards Laic Albert the block 
narrows into a Join; " nose ” Ranked by fault scarps. Here 
recent uplift is proved by the occurrence of a raised terrace of 
alluvium, which wus originally pan of tire Scmltki valley floor. 
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The Eastern Rift b a region of internal drainer with 
several independent basins within it due to incgalaritidi of tins 
flfKir level [Plate JmU). The latter varies from about S.MW 
feet in the south to 2,000 at Laics Natron and Magadi* 6 # W>0 
at Lake Xaiva*ha f and S t OOU at I*ake Baring in the north* 
Lakes Natron and Magatii, and the glaring white saft-encrostcd 
plain* around them * Plate Mb] , contain vast reserves of soda 
(NoaCOgj and other chemical deposits which are exploited 
commercially on a considerable scale* The sails are derived 
from die soda-rich volcanic rocks uf the dblrkt. partly from 
[he evaporation of Use surface waters vridch drain into lLlc hvo 
depressimis, but mainU from hoi springs. In IU1T the ndtih- 
touring volcano of Oldonyo J’Engai actually erupted soda* 
rich vapours ns well *w lavas ami ariit*. A pall uf grey volcanic 
ash prrmiidled with soda settled overt a large ai ca t and with 
the first rains the water boles became fouled with the bitter 
satis* Many herds uf cattle died through drinking Imm the 
contaminated pwta The lakes are merely evaporating pans 
in which the soluble volcanic salt* arc concentrated- 


The Gfcfottf or the Rift V'alleys 

More riian a century ago the Rhine rift valley was com¬ 
pared with the fallen keystone of an arch* Thin arose the 
traditional tr-uriou hypothesis* accord lug to which a long 
wedge-dumped b\mk f tapering downsv:ird», ?ank between 
tmrniid boundary e.iuIia ju the rides were pulled apart, The 
analogy b a misleading one p howevcr B because a keystone has 
an empty tpacc into which if can drop until the inward-sloping 
sides again find lateral support, A rift-valley wedge could not 
sink unless its weight d bp laced molten material in dtp tic 
Volcanoes would ilitn break out along the cracks* It has 
long been thought this sort of process may have unrated *m 
air incidental scale* but that if could mu he an essential port 
of the meciunbni, siner P os wr have *ceji, some of the deepest 
troughs riiow no signs of vulenubin* However, it Ills recently 
Iami riiuwu by geological work in the Eastern Rift that in 
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several areas volcanic activity ceased altogether while the rill 
movements were actively in progress. Such interruptions 
strongly suggest that the magmatic channels through the crust 
were then tightly closed by the movements, not widened and 
further opened ;ls they would necessarily liave been according 
to the tension hypothesis. Moreover, latent] tension fails 
to account Ibr the fact that the boundary faults .'ire commonly 
about 35-5(1 km. apart. The uplift of Ruwenzori is also 
inconsistent with the tension hypothesis. 

There difficulties do not arise -ut the alternative hypothesis 
proposed by VMiyLmtl ii>r the Lake Albert and Rmvciizori 
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P^S raanwtfc «»<=« Lakt Aibnri by I! J. WbjW in lUtwiit h« 

hTJ^Juru. of Ibr- „r rift vaiw. |,y t - , m prrsuuii 


sections and by Bailey Willis fur ihr Dead Sea section—accord- 
ing to which nil valleys arc produced by deep-seated com¬ 
pression. Hie boundary faults are then regarded os steep 
upthrusts and the rift blocks as wedges [widening in depth) 
held down by pressure from the upriding sides i Fig. 2:ti), Ii 
is mu to be expected that the thrust faults should be generally 
visible. As rhe plateau block rides up a high-angle thrust 
plane, its forward edge is necessarily left unsupported. Long 
strips of the overhanging sides slump down, and the visible 
walli thus appear to be normal lault -, often arranged in suc¬ 
cessive step*. In a few place-., where ravine* rut through the 
fault scarps at right angles, subsidiary thrust faults have been 
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Dl^crvetl beneath the edge of the plateau. Such evidence k 
nut conduaivc, however, these thrills may have been there 
long Ik -lore the rift valleys were farmed, More command 
evidence of the operation of compression h provided by the 
jblding of the sediments on the floor of the l^akc Albert rift 
valley as indicated in fig, 23 Jh 

The results of a gravity survey by Bulbs d in ItKLl-rM 
have thro™ much new light on the origin of rift valleys. 
The plateaus are found to he very ue^irly in faosuuk 
equilibrium,, bul over the rift valleys of Lak« Albert and 
Tanganyika, Rukwa and Magadi, the observed values of 
gravity, arc ;ihnurmaLly low (Fig. 432), Like the “ negative 
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fircikfiu imm four *4 tbt Afrirai lift i*4llcyi will privity Mkimmlki Irterw- 
EiniirctJi by fcL C. iuHanJi i^rttrci Irluw, A eiuirkjrd dclicitncv u deiriy drawn 
bencirh Cfldi of Uir rtfti 

bdts’* of (he East and West India (pages 4(H and *00), 
d*se rift valleys must hr underlain by »n exerss of light 
material. Till* import am discovery means that if the nft 
wert I nee to move under gravity—as they would be 
if (he Iwmndary faults were normal faults due to tension — 
they would rise. It follows that die rift blocks cannot have 
fallen in under gravity, like a keystone. They must be 
held or forc ed down by the plateau blocb on each side, a 
state of affairs implying sideways comprosdqn, 

El the rigid crust of dir plateau region U coin pressed later¬ 
ally. it must first buckle and then (Fig. *3#), if the pressure be 
anti i. sum. crack at a plan: A. W lieu fracture occurs, one side 
i> thrust tuxr the oilier, which is pushed down. After the wall 
has reached a height of a fen thousand feet, a second major 
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crack occurs, accompanied by thfuftiugv i lii. take* place at 
B t where ihr curv;mir<- of the buckled crust is greatest, at a 
distance * from the first break. Bullard shows: that the distance 
x, the width of the resulting rift valley, is determined by the 
thickness and elasticity of the enm and the density {say, 3-3) 
of the substratum. If the thickness is 20 km., *=30 km. If 
the thickness is 40 km,, x=«0 lun. The hypothesis tints satis¬ 
factorily matches the leading characteristics of rift valley> : 
their widths and the heights of their walls ; the rise of llic 
phiteau towards dir rifts : and the occurrence of lop-sided 
;md siuglc-walktl “ rifts,” An inter-rift block mountain, like 
Ruwciuofi, rrji res cuts the rare ftue \v h err the second fracture 
[or a later one) occurs at a place such as C, The block AG 
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b then wedged op, just as a ship caugln in the ice of Arctic 
seaj is heaved up by the ice-pressure on its flunks. 

The problem of the origin (drift valleys is not yet, however, 
completely solved. Many competent observers stare positively 
that souic of the most clean-cut fault scarps, like the N.E, wail 
of Rukwa • Fig. 2SC), are normal faults on far too big a scale 
to be gravity slumps incidental to underlying thrusts. The 
part played by volcanic activity is still far from being under- 
fttood. The pattern of the rift valleys, their relation to the 
Lake Victoria sag, and above all, their relation to the Alpine 
erogenic belt in the north have still to be elucidated. The rift 
valleys of Africa, one of the major tectonic features of the 
world, provide a magnificent field f-r future exploration and 
research. 
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Chapter XX 


VOLCANIC ACTIVITY 
General Aspects 

As briefly indicated tin page ill, volcanic Activity includes at] 
llit; phenomena associated with the escape at the earth's surface 
«l magmatic material* from tin; depths, An active volcano is 
a vent, which may be the orifice of a pi pi: or fissure, through 
which the magmatic products are continuously or inter* 
mitten tly discharged, it should be retailed that magma is 
t*»t merely molten rock : it differs essentially from the latter 
in being more or less heavily charged with gases and volatile 
constituents, just os soda water differs from ordinary water. 
\Vhilc the magma is confined under a sufficient!) high pressure, 
its gaseous constituent* remain dissolved, but as the surface is 
approached .inti (lie overhead pressure is reduced, the gases 
begin lo be liberated, either freely or explosively, according to 
bed circumstances, 'Hie molten material emitted at the 
surface is thus relatively impoverished In gas, and b called 
lava to distinguish it from (he original magma. 

In addition to the eruption of hot gases and molten lavas 
from volcanoes, vast quantities of fragment.d materials are 
often proriiu id by the explosion nf rapidly [i)>craied gases. 
These materials, collectively known as pnorfasti, may them- 
sdvo consist of molten or consolidating lava, ranging from the 
finesi comminuted particles to masses of scoria: and volcanic 
bombs of considerable size, or they may be fragments of older 
rocks (including the lavas and pytoclasts of earlier eruptions), 
ranging from dust to targe ejected blocks, turn from the walls 
of the feeding channel or from obstruction* in the vent. The 
great doud* of gases, vapours, and pyrotfnais that arc the most 
conspicuous feature of explosive erupt ions may lie luminous 
or dark, according ns the fragmented material is incundescent 
or not. These “ fiery " and smoky 11 appearances, together 
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with ihr ghsfe reflected from tin- flowing lavas beneath, wrre 
responsible for the formerly popular idea that vc*k:mocft are 
11 burning mountain*. 1 * Apparently supporting this ddufiian, 
the pyrodadfc maieriaU that drop frtrni the volcanic douda 
often resemble cinder* and aihej f by which terms in deed * 
they arc still commonly described. Actual burning, however, 
h confined to the almost imperceptible flames of certain gases 
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sucb its hydrogen and plays only a secondary part in volcanic 
activity. 

When eruptions raise place through a vortical chimney, 
the orifice is widened into u crater with flaring side* by out¬ 
ward explosion and inward dumping. R> the accumulation 
of volcanic products around the vrm a conical or liome- 
sbapcJ mountain u gradually built tip. Volcanoes with the 
familiar cone-and-crater structure i Fig. 2»4) arc said to be 
of the ffTstruI typt f because the activity is centralized about a 
pipc-likc conduit. Within the wall* of their truncated summits 
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varied habits of volcanoes 

some volcanoes have gigantic depressions which resemble 
greatly enlarged craters. Such a depression may be due to 
eugiilfniem of tlic former superstructure or, less commonly, 
lu the volcano having blown off its own head, and is called 
» caldera, flic diameter of a caldera is many Times greater 
than that oi the eruptive veut and it is this contrast in size 
which distinguishes it from a crater l Hates $8 and S)+). Nearly 
all the volcanoes of the present day are of the central type, 
bin at certain periods in the geological past ami occasionally 
during historical times volcanoes of the fissure type (Fig. 236) 
have poured out prodigious volumes of lava from I ring fissures 
in the crust, and have inuthcrcd the curroumlirig country in 
sheets of a far greater order of sine than the comparatively 
limited flows of central volcanoes. 



Ban if ilie L*ki hmut* Ifi-IujuJ, to formed kiwnda ihe md ihr 

tianrc rrupium of 17*3 Wtir HtiUmd I 


A feu volcanoes remain cotuinuoudy in eruption, hut in 
most cases activity a intermittent, and sometimes there arc 
Jong interval* of repose, during which all signs of activity cither 
cc<Lsc or are restricted to exhalations of steam and other 
vapours from vents called jumayvltj, which at a later stage may 
pass into geyser* or hot springs isec p. 138). As a volcano 
becomes extinct k passes through similar waning stages. 
Some volcanoes have even been thought u> liave become 
extinct, until a disastrous recrudescence of activity proved 
otherwise. A striking example is provided by the first recorded 
eruption of Vesuvius. At the beginning of the Christian era 
the volcano had ilumbered so long that no tradition of id 
prehistoric eruptions survived. For centuries woods and 
vineyards had clothed the fertile slopes of the cone and the 
rugged walls surrounding the grassy floor of the summit 
caldera were festooned with wild vines. In the year "K a.u., 
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however, after a period of premonitory earthquakes, the 
catastrophic (eruption occurred which ovci’whehncd Pompeii — 
a cult iiicd city of 30,000 in habit acts—iri an appalling Wait 
of whitc-lmi ashes, and obliterated Herculaneum in torrent* 
«f hut mud. It was formerly thought that the seaward part 
of the caldera was thru blown clean away, tearing a hall* 
encircling collar, known as Monte Snmma, wit Inn which the 
active tone of the modem Vesuvius has since developed 
• Plate DSa). However, recent investigation* have shown dial 
most of the missing part of the ** collar “ was blown away 
during earlier, prehistoric eruptions, 

Those who live far Imm volcanic district* sometimes 
express surprise that men and women dumb! settle where 
their crops may be destroyed by vapours and ashes and their 
fields atstl vineyard* blotted out by si reams of lava. Hut 
volcanos are not altogether unfriendly, nor are they uniquely 
«>. Tornadoes, earthquakes, and flood* may be equally 
devastating. Calamities like the horrible doom that overtook 
Pompeii in TO and St. Rent in 1602 (p; 460) are fbmmately 
ildreqitent. All thr volcanoes of the world fail to compete 
With motor transport a menace to life — to say nothing of war. 
And compensating for the risk there id the irresistible attraction 
ot the leriilc soils lor which volcanic district-. .ire renowned, 
Tlie decomposition products of the lavas, rirh in plant foods, 
arc carried down die rain-washed slopes to the plains licyoml, 
aiid intermittent showers of ash, if not too heavy, rejuvenate 
the soil and add to its bulk. This double aspect of volcanic 
activity' destructive and Lrticfiirm — has been recognised 
Imin tin earliest times ol which legendary stories remain. 


Volcanic Gases 

Steam is by far the commonest of the volcanic gaso, 
Locafly the steam may be partly ur even wholly derived from 
ground-waters and crater Juk-> F bin when full allowance ls 
made for these superficial source* there is still ample evidence 
dial the steam liberated in most eruptions ,< largely of magma tic 
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oriyiu, DaugtTOuj mud flow* may be caused when the 
torrential r ' tlltK which descend from clouds nf condensed water 
vapour are accompanied by showers of ashes or sweep loose 
deposit* down tlu j -acep volcanic stupes. Gases have been 
collected from cracks in small blisters of hva formed over 
gas fountains on the edge of the iava-Likc of Kilauea. By 
this technique contamination by air h .1 voided as completely 
as is humanly possible. Besides stcatn HO to (Kl pci cent.) 
the gases arc found to consul, in order of abundance, of carbon 
diojude, nitrogen, and sulphur dioxide, and smaller proportions 

of hydrogen, carljon m< side, sulphur, and * lilt trine, Similar 

8“** - ,It * liberated elsewhere from active lavas and fmmtrolcs, 
tognlM . with various related compounds, such as sulphuretted 
iiydn u. n, hydrochloric and Other adds, and volatile chlorides 
of iron, potaviiutn, and other metals. Incrustations of sulphur 
am! chlorides, as well as of rarer compounds, often in great 
variety, ate deposited on cool Surfaces, 

An explosive eruption is mily the final manifestation of the 
propulsive power exerted by volcanic gaiet. Because the 
density of magma is xcd need by the gases held in solution and 
is iti:i further lowered by the beparaiian of gas bubble, the 
magma i- enabled u> ascend to much higher levels than would 
otherwise be possible. Another Important effect of gases fc 
fhul of increasing the mobility and prolonging Lhr active life 
of magmas and lavas. A lava, while still retaining part of the 
original gas content, may continue to flow until the temperature 
is down to 600* or TOO" C. But when the *amc lava has 
crystallized and nearly all its gas ho* Ik'cii expelled, the tem- 
perature necessary to sufim it again is found to be several 
hundred degrees higher, It fojjims that lost or gage* involves 
rapid 'utuolidaliijtt. Tim chemical react ions nf some of the 
gasc amongst themselves and with oxygen (whether from 
magmatic ferrii: oxide nr the sir] may locally' generate heat 
at volcanic centres and help to maintain high temperatures 
and even for a rime to increase than. .Striking evidence of 
such heat generation has been described from Kihmea (p. ifllt). 

The source ol magmatic gases U not known, bin dine at 
least jum>j niagmiis Ilhc formed in the crust from 1* cb poor 
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in gaseous ci. ii slit urn is, ji is probable that additional gases 
have been contributed from still deeper sources. The ascent 
of highly energised gases from thr pt inioitiiai sun-bom matter 
of the earth is held by some volcanologists to be the fundamental 
cause of volcanic activity. 

During geological lirctr volcanic action has probably added 
considerably to the water jit the oceans and to rhe nitrogen 
con tent of the air. Of the immense quantities of carbon dioxide 
supplied Lo the atmosphere pearly .ill ha.* been abstracted by 
weathering pi< messes ami by plant life, and is now re presented 
in the rocks by limestones and Cdfrl and related deposits. Hie 
chlorine lucked Up IR rock sail and in the dissolved >all nf sea 
wain is a bn very largely >*f vulcanic origin. 


Lavas 

The temperature of freshly erupted lava is rarely much 
above the mrl ting-point, and according to the composition anti 
gas content it may range from 600' to 1200' C-, tile basic 
Java*, like basalt, being generally the hottest. The mobility 
of molten bun depend. on the same factors. Silica-rich 
la vms ;tre usually stiff and viscous and congeal a*, thick tongue* 
tielbrr they have travelled far, whereas baste lavas tend to flow 
fredy for long distance even down gentle slopes, before they 
come to rest. The speed of a lava stream depends on the 
mobility and slope, and may, quite locally, reach 60 miles 
an hour. But such speeds arc very' tardy attained ; even 10 
miles an hour is unusual and often the movement is si uppish. 
In recent years, when approaching flows have threatened 
villages OH the slopes of Manna Loa and Ltna, the danger has 
been averted by bnmbing from aeroplane*, whereby the flow* 
have been constrained lo follow new and less menacing courses. 

The surfaces of newly cumulidated lava Hows are commonly 
«l two contrasted types, described in English us hU>ck and wpy 
lavas, hut known technically by their Hawaiian names, tta 
{ah-ah; and pnharhor rapedvdy. Block lava forms over 
partly 1 rystalliicd flows from which the gusts escape hi sudden 

44S 


STRL'CTUJLU TYI'KS Of LAVA 


bursts. During the advance the congealing crust breaks into 
a wild assemblage of rough, jagged. scoriaccous block- Ropy 
lava begins ai a higher temperature, minute bubbles uf gas 
escape tranquilly and the flow congeals with a smooth “ion 
which wrinkles into ropy and corded forms lib- those assumed 
by flowing pitch (Plate 8.9 a and Fig. 236). It so me times 
happens that after the upper surfiier and edges of a flow of 
this kind have solidified, the Jasi of the molten lava drams away, 



Pm, Mfl 

Pillr>rt u < Uva, tlilmim;maN, KiLihi-s 




leaving an empty tunnel. Some of dir lava caves of Iceland 
arc linnous for the shining black id ties of glass which adorn 
their roofs. 

\\ hey lava uf the ropy type flows over the •sea lltxir, or 
otherwise ln-uratU a chilling rover or water, it consolidate with 
a structure likr thin of a jumbled heap nf pillows ,-md is then 
appropriately described as pillow lam Plate Win), By rhe 
time each emerging tongue of liivu has swollen to about the 
siitc of a pillow the rapidly congealed skin prevents furl.her 
growth. New tongue* which then exude through cracks in the 
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glossy crust similarly swell inm pillows. and so ihc proccs; 
continues. The structure is a common one m the submarine 
lavas assoc to ted with the gcosyndinai sediments til former 
periods, aiu) lias been seen actively developing in modem flows 
that readied the sea floor. 

Columnar structure (Plate S' develop* within the inirrii.il 
of thick masse* of lava which have come to rest and have 
consolidated under 'Ugiiunt nmdithms. It is esjiedully 
churatterisrir of very tiiir grained plateau basalt? which are 
relatively fire from vesicles- 


Pvroolavis 

The fragmental materials blown into thr .or shower down 
at Varimji distance from the focus of eruption according to 
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their sixes and the heights to which dies air hurled, Thr 
coarser fragments, including bombs, blocks of scoria and 
pumice and blocks of older rocks, fall back near lhe crater 
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rim mid roll down (In: inner m outer dopes r Fig- 2 : 17 ), forming 
deposits of agglrnitralt or wfruafr brads, the fuller term implying 
Uiat the blocks consist largely of country rocks from the 
founda [ions of die volcano. Volcanic kt>mhs represent clots 
of lava which solidified, at least externally, before reaching 
the ground, Some of them have globular, spheroidal, or 
Spindle-shaped forms due to rapid rotation during flight ; 
others, ot lv« rrguiar shape because they were still from the 
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siart, have gaping . racks and arc desc ribed as het&cnur bom&j 
(Fig. 23 S). 

Smaller fragments, about the size of peas or walnuts, axe 
eallcri cindcr; or/<i/aV/i( little stones j according to their structure, 
StiJJ finer material* are referred tu as ash. These fall mainly 
on the slopes and form deposits which, whm mure or l«a 
indurated, are known as tuffs. Sumrtimes diowcrs of augire, 
felspar, and other i ratals that were already present in the lava 
(before its comminution) fall from the volcanic clouds and 
contribute to die tufli. The finest panicles, down to dust 
&ke t .iiid including shards and splinters of glass, often travel 
far Eteynnd die cone before they descend. When such material 
is hurled to great heights and caught up by die wind it may 
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be earned for immense distances. Microscopic volcanic dust 
from the catastrophic eruption of Kr.ikat.io in \ $83 encircled 
the world, and its dispersion through the atmosphere was 
responsible for the vividly coloured sunsets that were seen 
during the foil owing mon'hs. 


Cokes and other VotCAHtC Structures 

The structural forms whirh result from volcanic activity 
depend on the quantities, proportions, and characters of the 
lava? and pyroclasts erupted. Some volcanoes have a domi¬ 
nantly effusive habit, lava being the chief product; a fetv arc 
wholly explosive; but in tnnM eases eruption* of thee binds 
cither alternate or lake place simultaneously. 
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!. Explosion vents are mere perforations of the crust, 
marked at the surface by small craters, each Surrounded by a 
low ring of pyrocbife in which fragments of the country rock.’ 
are naturally most abundant, in certain recently extinct 
volcanic districts, such as the Eifrl (Fig. 231J), Swabia (east 
of the Black Forest), and the western rift of Africa near 
Ruwcnxftri ( Fig. 23U), groups - ,f these « embryonic volcanoes ” 
fomi a characteristic landscape, often diversified by lakes 
whii h occupy wine of the crater basins. 

7 11 sufficient supply of fragmental material is 

furnished an ash or cinder cone ia built up* The profile is 
determined by the angle of rest of the loose material that 
shower; ({own around thr vent. Fine ash comes to rest at 
angles of 30° to 3ft’, while nearer the summit the coarser 
fragments may stand at 40“ or mure. In IftHS an eruption 
of -tab and pumice suddenly broke out in the country west 
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and with few exceptions diey liavc histories extending over 
litany thousands of yean. Composite cones (Fig. TJ4) are 
accttraularioni of successive layers of well stratified tuffs, 
alternating irregularly with tongticdike lava flows. The lavas 
are generally andesite or other types that can flow with 
moderate ease. 'l"hey may escape through breadua bi the 
crater wall, or through radial cracks which feed parasitic 
craters—often arranged in linear series—on die flunks. As 
magma solidifies iri the fissures, dykes are farmed which help 
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of Naples ami in a single explosive outburst, lasting only a few 
days, Monte Nnovo, 43b feet high, was constructed, In 19;} 7 
a similar new cone was built up at Rabaul in New Britain, 

3, liah'o, west of San Salvador in Central America, is an 
example of a volcano which began its life as an ash cone in 
li *0, and 1ms since grown by utmost continuous activity into a 
typical composite cone standing well over 3,<XW icet aliove die 
turn Hind ins' country, Alt die larger volcanoes around the 
r.tdiic And most of those ebewhere are of composite structure. 
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to strengthen the growing edifice* the largest volcano 

in Europe, has hundreds ol these secondary vents, and although 
the summit crater remains a foctfe uf explosive eruptions ii is 
no longer occupied by molten lava. 

As already mentioned, a volcano may suffer an eruption 
of such catastrophic violence that a vast caldera is formed, as 
if the volcano had blown off it3 head. If a caJdcry did in 
[act originate in this way, fragments of the mining materia! 
would form the greater part of the pyrodasrs representing the 
erupt Jon, When, as is usually the case, such fragments are 
rare, the only alternative explanation is that the vanished 
part of lhe cone must have foundered out of sight (Fig. 240). 
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Most of I lie calderas of composite volcanoes appear to have 
resuJicd from the wholesale civgulfment of die fix-met super¬ 
structure into the space previously occupied by magma, which 
was rapidly dischargee) in explosive eruptions of paroxysmal 
violence. Ihr eruptive vent commonly resumes activity 
soonrr or later and builds «p a new cone on the floor of the 
caldera. 

(later Lake, Oregon (Plate t*4), occupies a huge raid era 
about t! miles in diameter, formed by the collapse of what 
was once a lofty composite cone. The cone must have been 
(here noi long ;iro* for it supported glaciers that have left 
abundant evidence of their former existence on the outer 
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slope; of the caldera walls. Mnraims rmd glaao-fluvial 
deposits alternate with beds of pyrodastr ; and U-shaped 
valley? can be followed up to the rim. where they arc abrupdy 
truncated by the walls. It is estimated that the ancestral 
cone must have been about 12 , 001 ) feet high, and dial since 
it was sheathed in ice something like IT cubic miles of the 
original structure have disappeared. Howei Williams has 
shown that the catastrophic eruptions that made room for 
the great cnguIfmaU are represented by vast spreads of 
pumice and scoria, the total volume of which h about 12 
cubic milts. Fragments of the old cone itself account for no 
mure than 3 cubic miles. The missing balance may well be 
liudy pulverized material that was hurled high into the air 
and carried far away by the wind, as happened at Krakatau 
in 1883, Evidently the frothy cruptible contents of the 
magma clumber were suddenly expelled by a swift succession 
of paroxysmal explosions. The conical roof, shattered and 
unsupported, then Ibtmderod into the depths. At some later 
time a small cone, the summit of which rises above die lake 
as Wizard Island, was built up by subsequent activity. 

Even greater calderas—sometime referred to as “ super- 
edderas ’’—occur in Japan and Sumatra. One of the largest 
™ cauldrons, now partly occupied by Like Toba 

is situated at the crest of the Bnrisan Highlands in N.W. 
Sumatra. It has an area of about 700 square miles and :t 
volume of about 300 cubic miles. During the late Plcbiocttic 
there were paroxysmal emprinns uf rhyolittMults, fallowed later 
by flows of rhyolite. The toll* are thickly distributed over 
7,000 square miles of Sumatra and they have been traced 
into Malaya, where their thickness i* still T> to 2u feet. The 
total volume of the lulls is of the same order as that of the 
cauldron itself, which came into existence as a result of the 
titanic outbursts. It is thought that an upward-expanding 
granite batholith arched up its roof when it had nearly reached 
die surface and that the gas-laden magma near the (up 
eventually blew itself out through fissures in die roof. What 
w.ii left of the roof then subsided into die eviscerated head of 
the batholith. 
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4. The shapes of volcanic structure,? buili licilly or 
dominantly of lava flows depend on the fluidity of the lava 
concerned. The more silica-rich lavas, such as rhyolite, dacite, 
and trachyte and the corresponding obsidians, arc often so 
highly viscous that they cannot flow far from the vent. Steep- 
sided and sometimes even bulbous domes arc then constructed 
immediately over the pipe. Because of die obstruction 
further growth takes place mainly by additions from within, 
the outer layers being tracked and pushed aside by the internal 
expansion. Sarvoul (fig, 241} and some of the other pup 
of the Auvergne, and the ** mamclons ” of Reunion {mirth 
t»f Madagascar}, are i in table example* of domes of interna] 
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growth. Similar domes form in the era ten of certain r.im- 
positc volcanoes by the alow upheaval uf stiff lava occupviug 
the conduit. As cracks develop, obelisks and a pirns of java 
arc squeezed through the top and may reach heights of 
hundred-. Of feet bdore they arc demolished by gas expansion 
within them or by explosion From below. A domr of this 
kind rose in the crater of Mom Pchfe during the disastrous 
eruption <d Hu*-, and by its tenacious obstruction of the vent 
led to one of the most dangerous types i>f explosive activity 
eves' known (p, 4thfb Later, the plug of die conduit was furred 
bodily upw ards, through the dome, dins forming the celebrated 
“spine” of Mont Pel tie (Plate i>3b), 

r,. Highly fluid basaltic lavas, from which gases escape so 
easily that explosive activity becomes subordinate, spread out 
as thin sheets for ^rcai distances. By the accumulation uf 
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SHIELD VOLCANOES 


successive flows in various directions a wide-spreading dome 
with gentle slopes, rarely exceeding 6 or 8% is constructed. 
The classic examples of these shield volcctnots are those of the 
Hawaiian Hands ; others occur in the Samoa group and in 
Iceland. Hawaii (Fig. 242), the largest of the island chain 
to which it belongs, has been built up from the sea floor by 
the coalescence of several shield volcanoes. Maims Loa is the 
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highest, rising KO.tHK) Teel nearly 14,000 feel alxjve sea level) 
from a broad base 7i> miles in diamricr, KiUuea lies on its 
flunks, 20 miles from thr summit and 4,000 feet above the sea. 
7 he craters ' are Calderas or subsidence containing deep 
pits often occupied by swirling lakes of lava, upcn To the sky. 
These sometimes overflow, but at other times the Java drains 
away through deep fissures, to emerge lower down on the slopes, 
sometimes below sea level. When an underlying magma 
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chamber is thus temporarily emptied, the roof is left with 
diminished support. Caldera development then takes place 
by foundering within arcuate faults, and the pits themselves 
become enlarged by the caving in of slices of the walk. 

In many volcanic belts the central volcanoes have a well- 
marked linear difirilmbon, sugg rating ili.st they an: led from 
long deep-seated figures. Owing tu varying degree* of ob¬ 
struction, the magma rise* to very different levels along a 
fissure and finally breaks through at isolated points where the 
overhead resistance was least or where gas fluxing through 
the Kicks was most effective in opening a passage. The vents 
thus localised afterwards tend to persist. In regions subjected 
to powerful crustal tension, however, deeply penetrating 
fissures may provide uninterrupted dmnndi for thr swift 
ascent of uiorffluui volumes of hasaltic magma. Flowing 
neatly as freely as water, the lava pours out through long rents 
and floods the surrounding country, forming duals that come 
to rest with almost horizontal turf ice. Individual sheets may 
average only 2n to 1IIO feet in thickness, but by repeated 
eruptions from swarms of fissures vast basaltic plateaus thou¬ 
sands of feet thick have been accumulated in the past, covering 
areas up to half a million square miles. 

The largest area of plateau basalts in the British |>Je« b 
that of Antrim (Plate 17a and Fig, -13). but this is •■uly.; .mall 
pari of the far greater Brito-An ti< region (Fig. 252), exUrrave 
area* of which w ere flooded with basalts during early Tertiary 
times. Although Considerable tracts ImVC foundered and are 
now beneath the sea, 80,000 square miles stilt remain in 
Antrim, the Inner Hebrides, the Faroes, Iceland, and East 
and West Greenland, Shield and other types of volcanoes 
arose In ter at certain localities. Including Iceland, where 
activity still persists. In our own islands, especially in Mull, 
Ardnamti return, and Stvc (Plate 18 b), we see only ihr basal 
wrecks uf the ancient volcanoes, worn down to their rnnis by 
millions of years uf denudation, 

PI.uc.ni lu-iilis covering areas of £tHi,0Q(l square miles or 
mote occur in liir Columbia and Snake River region of the 
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north-wcston United Slates (Miocene to Recent), the Deccan 
of India (early Tertiary), and the Parana region of South 
America (Jurassic). Other vast areas which were flooded with 
basalts in Jurassic or Tertiary times occur in Mongolia and 
Siberia, in Arabia and Syria, in many parts of Africa {i,°, 
Abyssinia, around the Victoria Falls, and along the Drakens¬ 
berg behind Natal), and in parts of Australia (see Fig. 
Where lilt- Hows thinned out and denudation has since returned 
lhem, die underlying rocks arc seen to be penetrated by swanna 
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of dykes representing the feed me: channels of the vanished 
flows* In many other regions, notably in the Karroo of South 
Africa, similar basaltic magmas failed to reach the. surface, but 
riddled the stratified rocks just below with innumerable dykes 
and dlls, Altogether, more than a million cubic miles of basalt 
have been transferred from the depths during (lie la i 150 
million years or so. 

Dining historical dines Ireland has been one of the few 
regions in which fissure eruptions have been witnessed. The 
greatest basalt Rood of modern rimes broke out at Laki during 
the summer of I7K3, From a fissure 20 miles long torrents of 
gleaming lava, amounting in all to three cubic miles, over¬ 
whelmed 218 square miles or country, and sent long fiery amts 
down the valleys lieyond. As the activity diminished in 
Intensity, obstructions choked the long rent, gases accumulated 
instead of effervescing freely, and small cones were formed at 
intervals at points from which the waning lava continued to 
exude (Fig. 235). 

Types oi Cf steal Ekvptidss 

Eruptions vary widely in character according 10 the pressure 
and quantity of gas. and the nature of the lava from and through 
which it Es released. Several well-defined phases have been 
recognised, of which tlie following arc the chief (Fig. 2M) ; 

Hawaiian Type .—Effusion of mobile lava is dominant and 
gas is liberated more or less quietly. From the surface of a 
lava lake jets and fountains of incandescent spray may be 
tlirowu up by the rapid emission of spurting gases (Plate UOb}, 
When caught by a strong wind the blebs of mohen lava .we 
drawn out into long glassy threads known as Petes hair, Pelt 
being die Hawaiian goddess of lire. 

Sbmfolian Type ,—When less mobile lava is exposed to the 
air in a crater, the pem-tip gasc* escape more spasmodically, 
with moderate explosions which may be rhythmic or nearly 
continuous. Clots of bva, often incandescent, are blown out, 
to form bombs or lumps of scoria, while in phases ol more 
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iniciiic auiviiy the- magmatic cxpUnioih may give rise to 
luminous clouds. Strom bolt, one of flic Li pari Islands north 
of Sicily, normally behaves in this way, its minor eruptions 
recurring at short intervals ranging from a less' minutes to an 
hour or so. 

Vuiesmian Typt (named after Vulcano, also in the Japan 
group).—The lava is mure viscous amt pasty, and quickly 
crust*, over between erupt ions, liases accumulate and gather 
strength lieneath lire congealed cover and blow off at longer 
Intervals, with correspondingly greater violence. The resulting 
volcanic clouds arc dark, and characteristically assume a 
convoluted or “ cauliflower ' shape as they ascend and expand. 
The major eruptions of many vot anoes begin with a vulcauian 
phase whenever an obstructed vent has first to be cleared out ; 
and they may end in the same way, when the waiting activity 
is just .Hiflkvmt to throw out material which has avalanched 
into the vent from the unstable crater walls, 

Vesttrim Typt ,— This is a paroxysmal extension of the 
Vulcanian and Strom bo! tan types, the new and specific feature 
being the extremely violent expulsion of magma which has 
become highly charged with gas during a long interval of 
superficial quiescence or mild activity. In consequence of the 
preliminary removal of the con tails of the pipe down to a con- 
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siderablc depth—often as a result of the escape oflava through 
lateral fissures and vents—the overhead pressure on the under¬ 
lying magma « relieved. The magma then bursts into an 
explosive liclli and expels itself as vast luminous clouds of 
*' cauhtlowcr " form, These ascend to great heights, and from 
them l&OWcrs of ashes arc widely distributed (Plate 2), 

1‘linian Type. —-Tit* most violent Vesuvian eruptions some* 
times culminate in a stupendous blast of upmshing gas, which 
rise* to a height of '.eventI miles, and there spreads out into an 
expanding cloud of globular masses of gas and vapour. This 
phase was first observed by Pjioy during the catastrophic eruji- 
tion of Vesuvius of a.d. 79. 

■Feltan Type .—Here the iimit of high viscosity and ex* 
plosivencsn is reached. Upward escape is prwonted by the 
growth of an obstructive dome above the conduit (page lt38). 
Intermittent spurts of tightly compressed magma force a 
passage tiirougli lateral cracks, and each of these sweeps 
down the dopes as an intensely hoi avalanche of self-explosive 
fragments of lava, lubricated by constantly expanding gases 
and vapour*. These downward-rolling explosive blasts, 
one '-f which wiped fuo St. Pierre in 1902, arc commonly 
referred to .o. nutes aidrttU< \ Plate 93a). They may be either 
diirfc or incandescent, and arc not always M glowing” as the 
French term suggests. Perret, who has observed them at dose 
quarters, defines a nuit ardetiU as an “ avalanche of an ex¬ 
ceedingly dense mass of hot, highly gas-charged and constatniy 
gas-emitting fragim m.d lava, much of it finely divided, 
rxtrafjitihi.ii ily mobile, and practically ti iclkitilro, because 
eacli punk | t h separated from its neighbours by a cushion of 
compressed gas.” 


Kilaut-a 

Kilaoca is a low basaltic dome — no more than a dig lit 
undulation—on the eastern flanks of Manna Loa (Fig. 212), 
with -i steep-walled caldera, about tfuec miles in diameter, 
sunk in its flat summit. I he active vent in the caldera floor 
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is the deep fire-pit nl Hfilenmumau {Plate 1TM>), in which the 
lava column alternately rise* and lalh s occasionally disappear* 
tng out of sigh ts sometimes misting over, but generally forming 
a hfrr n*| surjnitg Java, which promts magnificent ^prelude 
at night as dazzling pools and streaks break through the duller 
ruddy surface and burst into spraying fountains. On account 
ol ita easy accessibility and relative freedom from danger* 
EUltuiea has become (lie most closely investigated of all 
volcanoes. 

In 1M12 t during a period when the pit wi* full tu the brim, 
Day and Shepherd measured ihe [etnpcnmirc of the lava 
and found that in the course of 33 days it rose from 1070 s <X 
to n8Ti" C. Over ibe same period a steady incrrasfe in the rate 
of gas discharge was observed, culminating at the time of 
highest temperature In the ptadmum development of lava 
fountains, of which over I p ! tKi were teen playing simultaneously 
over Lhc! surface. As the level of the lake had not varied, it was 
concluded that the increase of lempcmture was due to heat 
generated by chemical reactions, involving the more active 
of the uprising gases* By collecting and analysing the gases 
it wat fan ad that react in tu id i lie kind inferred must have 
been inevitable. The potent .unmet of heat thus revealed was 
however, mainly superficial. for later measurements showed 
that the temperature at the surface was about 1 <>0° C. higher 
than that of the Java at a depth of 20 lect* 

For several years the me and fall of the lake did not exceed 
some 700 feet, hi 102-1 the lava withdrew to o much greater 
depth, dearly as a result of drainage through subterranean 
fissures. Earthquakes occurred 30 miles to the cast and be* 
pud, and finally* out on the sea floor along the same 
tine of disturbance, the lava found an exit* The walls of 
H airman man, no longer sustained by lava, avalanched into 
lhc pit while it was emptying, thus enlarging it at the 
top and choking it at the bottom. Ground-water seeped into 
the debris, passed into high*pre*surc steam, and so removed 
the successive obstructions in a series of violent explosions 
(Hale 91 a and Fig* 245)- Such explosive ac tivity probably 
occurs in II iwaiian volcanoes only on the rote occasions 
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when ihr underlying mLignin fulls fur below ihr Icvd of the 
ground-water,, 

When the pit was thoroughly cleared out, it was found that 
the avalanches and explosions of a few weeks liad increased 
its surface dimensions from Hwixfloo feet to 3,400X3,001) feet 
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£xptowvc CUpda n Frwn the pit gf HaP,.«««««. Ma>- 22, I'X'J, ph,,^ trim 
feitii tl* H#n .niarj Volcano Otocivauvy on ibc «&c of the ciiiieta uT XiUijfj 

Tlie floor aHhc great cauldron, 1,806 feet below the edge, was 
seen to consist of solid, well crystallised rock, steaming vigor¬ 
ously, but showing no sign of u central conduit for the lava. 
Only small feeding channels and gaa vents could he detected 
in the walk, and when the lava began to return it first broke 
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Vesuvius 


through a scree nf volcanic debris as a brilliant fountain r h ^t 
spurted to a height of ITS feet. Huffma n m an jj evidently 
a collecting chamber fed by a Dumber of relatively small 
channels leading back into L)ic Inaccessible regions front which 
the magma ascends. In J 020 fountains Sou fijct high were 
observed, and for a lime the Java rose in die pit at about 
5 feet per hour. So far, however, in the present cycle of 
activity the fluctuating level of the lake ku not yet succeeded 
in teaching the rim of the now greatly enlarged pit. 


Vesuvius 

During the sixteen centuries tjui followed the eruption of 
AJ), 7b Vesuvius broke into violent eruption r-nly ten times, 
each outbreak befog followed by a prolonged period of quies¬ 
cence. W ith the eruption i>l M3I, after IU0 years of repose, 
the volcano assumed its modem habit of continual, but 
cyclic activity, the eyries being marked by definite cres¬ 
cendoes leading to outbursts of paroxysmal intensity at inter¬ 
vals which so far have varied from H to to years. The 
last two of these major eruptions occurred in 1 siTg (Plate 2) 
and tOOQ (see footnote on p. 

Throughout the JAM eruption, ['rank Ferret, mosi courage* 
ous of vulcauologists, remained at ihr. observatory no the 
western slopes, and his intimate record i if the sequence of 
evenus has ticcome onr nf the classics of geological litcrarure. 
In IStio, when iht eruption was already threatening, the Cone 
figured high upon the north-west slope (A, Fig. S-Jti), and thus 
led lo an emission of lava which temporarily rdirved die tenst 
conditions in the crater. On 4th April SBOfl. the cone was 
fractured at much lower levels (B-G, Fig. 24b), and torrents 
of gus'saiuriucd lava gushed out. The effect of the rdief of 
pressure beneath the crater was a terrific intensification of 
roaring explosions which kept the whole mountain in a con¬ 
tinuous state of powerful vibration. White-hot lava, tom into 
fragments, was projected for miles into the overhanging ash 
cloud, like a fiery effervescing' geyser. Intense electric da- 
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charge added to the lurid glare. At one stage a formidable 
jet of projectiles sltot over Monte Somiua, and brought disaster 
to tile towns on the plains beyond. 

Four dap after the paroxysm—the Vcsnviun phase— 
began, it culminated in a mighty upnish or gases—the Flinian 
phase {Fig. 244}—which continued for the greater part of a 
day, blasting om tlu- throat of the chimney, tearing away 
the upper portions of the rone, and reaching a height of & 
milts belnn spreading out. The level from which the gases 
were escaping must by now have descended into material 
too “solid "to be extolled from the volcano. An enormous 
volume of xhLi medium must, however, Jiavr bern drained to 
feed the prodigious blast. As the gas pressure gradually I*- 
camc less overwhelming, the walls of the widened crater began 
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to fall in, fruiting' temporary obstructions and thus leading co 
powerful explosion* and the generation of dark Vulcanian 
ctotals heavily charged with ash. This concluding stage of tlie 
eruption persisted intermfrtefitly fi*r several days, during winch 
the intensity gradually declined. By 22ud April the eruption 
was over. 

During the nest lew yean tile deep funnel of tin- crater w:« 
gradually filled up by avalanches from the walk The Boor 
of debris fim came into view in 10O&. Apart from the emission 
of vapours, tlir volcano remained in repose until 1D13, when 
incandescent lava perforated the floor, and began to build up 
a new eruptive omelet Fig. 2-57), Since then Vesuvius has 
been continuously active, long periods of quiet cEfervcsccnce 
of the lava within the crater of the conflict alternating with 
occasional outflows which, on the whole, have tended to 
become more voluminous ;u the years have passed {Fig. 248). 
Judging hum the past behaviour of the volcano it would appear 
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that the crescendo of activity is approaching the i linias of 
another major eruption.* 


M<rsr 


Before the tragic catastrophe of lftO£, Mont Pt-lttc (Marti¬ 
nique, in the vulcanic are of the Antilles) had Jong been dor¬ 
mant, the only previous activity known to the inJjabuants 
having been quite moderate Yu Irani an eruptions in I "Hit and 
IBfiL In the early spring of [902 Vulcaitian explosions again 
broke through, but this lime the open crater so formed was 
soon filled up and scaled over from within by the gmwih 
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of a dome nf extremely viscous lava. The deeper, highly 
explosive magma then ljcg.ui to escape at interval through 
lateral crack*, cadi outburst lotming a detached globular mass 
which rapidly expanded into a tutor crtdmtt ' Plate 0 $a), sweep¬ 
ing down to the sea with the violence of a hurricane. Most nl 
thrtc were directed towards the west, but on 8th May an 
exceptionally powerful nuit unexpectedly bunt out towards 
the south, St. Pierre, the capital of Martinique, Jay across the 
tract, and within a few minutes the whole city and its 30,000 
inhabitants were utterly annihilated by die irresistible, asphyxi¬ 
ating blast (Plate t*3nj. In the harbour ships turned turtle 
and sank in the boiling sea. After this unparalleled disaster 
activity continued fur many months, but all the subsequent 
wfVr followed their earlier track. 

In October tiie plug of viscous lava in the chimney began 
to be forced bodily upwards, ami a gigantic steaming column 
rose high above the cratrr-dutnr. Presently half of it broke 
away along a shutting crack from the summit, the part that 
remained thus at* timing the dutpe of a spine. The latter 
reached a height of .ilmut ODu feet above the dome in the course 
of seven months, but by July in the following year it had 
crumbled to pieces a* a result "f gus expansion within It. gus 
fluxing around its luxe, and ordinary weathering. 

Only two days btliin St, Pierre was wiped out a dmilar 
devastating eruption occurred in the Island of St. Vincent to 
the south. Aiirr a script or violent earthquake* the cralet lake 
of the SoufFriirc volcano boiled and overflowed, and a black 
naif, heavily charged with incandescent musses of lava, de¬ 
scended from tin: summit and tlotroyed everything in its path. 
Here the death roll amounted !•> about l.ttOU. 

from lLiv.'[i to 1032 Mont Pefe again became active, the 
preliminary symptom? I wing r.sith tremors and rumblings 

and increased eini-di.I ga«n and vapours from fumarolr*. 

SiM.n after the eruptions had Uaro d IVrret took up his quarters 
on die volt arm. ami kepi it under watchful observation. He 
wj.* soon able to readme the population—most of whom bail 
fW after the tir-t mu aj r cared—and the normal liluibcxi of 
St. Pierre wu* gradually resumed. The eruptions followed a 
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Fh5, 

View l^e ilic vnnviius dome of Ml frier in iiW', ih Giving ipioe* in Yatiwn Liatfn 
nf ititl fnjL^snc 

(sDf^i rn jtfi” i L?Am j'iwJt iSlf, / St F J /'■ - - ^ £ i 

remarkably rhythmic course, periods of nttit <U*,h harge alter¬ 
nating with periods of dome fiirmalkm with very little over¬ 
lapping, Innumerable spines of viscous lava were squeezed 
through the dome during its phases of growth (fig, £ly), hot 
within a short time, never more than a few days, each of them 
collapsed into fragments which slithered down the ashy slopes. 
Tire twits all descended to die sea along a valley well to the 
north of St. Pierre. 


Krakatao 

For two centuries before it-, impressive awakening in lSfiA 
(Figs, 2«0 and Sol), the old volume w reck of Krakatau <in 
the Simda Straits, between Java and Sumatra) had been 
dormant. In May of that year the vent of Ferboewatan 
betaine active, VuJcanbn explosions being followed by erup¬ 
tions of moderate Vrsuvhn type. During the next few 
weeks many new vents were opened around Danan, until liy 
August at least a dozen Vemvian eruptions were in progress, 
and steadily increasing in violence., The climax was readied 
during the last week of August. On the 20th formidable de¬ 
tonations were heard every ten minutes. Druse volcanic < h aids 
readied s height of 1“ miles and ashes, transformed into stifling 
mud by the in resent rain, fell over Batavia* which was plunged 
into thiik darkness, relieved only by vivid Hashes of lightning. 

4.70 
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KStMi «t£ignmU HluAtnii [me five tutgrt in <lir hhtory «4 Krulutim 
(j0ft ft, G. £arhn\ 


I Original amJt^hir rm\r ^iL kr.iLujii 

II After acpltuivt evhertautiti, probably uccompaTurd liy eulhipK of the 
mpUIUtlflurry, a Err-ul tahlrra wai Sbrmcd. ncnmKt by three mull 
til (itiiwih erf Kakjtd, a taialnC rone 

tv KisikaPH* btlhfr JujsX *ftrt ty*rH-. JliIct Jmckdtif cnitt* hart roalatrcd with 

Raknut 

V After ike IrWiH rmptiWi, Later croptfodi have built up Lbe liLiml 
M Anflk Krekatto whhln ibe califora 

On the morning of the 27rh came four stupendous explosion*, 
the greatest of which w*u heard 9,1)00 miita away in Australia, 
and ft vast glowing cloud of incandescent pumice and ashes 
rose m miles into the air. Although Krakatao was unin- 
habited* the catastrophe did fiat forgo it^i toll of life. Enormous 
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(M Frulik of Krikalma Lefutu IA*3, with n tlutirsl u : riis iL'itSfl f«f ih* nnfftnal 
ctnmif,, «i5 •••* i in b rrlic. - ! a rcti54]n i r .T YVHffl-l&ft lurid nr.m’ t-hc* brtMS ol RakatM ; 
b tcfamitt Ih* lamU'rtr,, o# llir lai^r ftitiiS fn^n EE I &111I IV r*f % UW}* 
*nfd i- ihr ^4Kha(jtd mmmiii hoiht i»podbf« lm di- t&R3 *ruptknfcL 
i |Jl Hif i Krakatau affM ihr rrupuam of 1**3. f„ iuh ictiitHi * nuiiily 
ft ^ rn cnl1 ^ ir Hli l flj fch dial OfrUlpsAl ill S'- rvtK*cr*trfS rb.irrilrt 

sea 'vaves, one of them 120 Jeet high, swept over the low coasts 
of Java and Sumatra and a 0,000 people were drowned. 

\V hen Krakatau again became visible, it was found that 
two-thirds of the island had disappeared. Subsequent survey 
showed that a deep submarine hollow had taken the plate nf 
eight square miles of land. It was originally thought that (he 
greater pari r>r the island—amounting to about I cubic miles— 
had been blown away by the colossal explosions. When the 
surrounding deposits of luff t ame to be examined, however, it 
" :|< hiund that they contain less than fi per cent, of material 
representing the vanished rucka. All the rest, consisting «f 
glassy ash and pumice, is a product of die magma that was 
responsible for the erupt ion, Thus it wa% for the most part. 
mH the rocks of the volcanic cover, but the con tents of the 
underlying magmatic reservoir that were blown away. The 
cover then subsided, leaving a vast Island-rimmed submarine 
caldera, 4 by 4.5 miles across, at the surface. 

Alter remaining dormant for 441 years, a new active vent 
(Plate 01 aj broke through the caldera Hoot late in 1&2T and 

47 * 








DCrraiBi.rnoN of volcanoes 


continued to crupr nc intervals until ! 3:13, building up a tinder 
com- known as An at Krakatao {Anak, “child of"). [i U ol 
interest to notice that the material erupted in 1883 was daciie, 
averaging As per cent, of silica, whereas the bombs and lapilli 
from the new vent were basalt, Averaging 52 per cent, of silica. 


The Distant rn on o» Volcanoes 


Nearly five hundred volcanoes are known to br active or 
to have been in eruption during historical times, hut besides 
these many thousands of extinct t outs and craters are still so 
perfectly preserved that they must equally be taken into 
account in considering the distribution of recent vukanisne 
Reference to Fig. I'Gi! shows dial a high proportion of the 
late I mi ary to still arrive volcnnrxs are situated in or near 
the Circum-Piicifie and Alpine-Himalayan belts of the latest 
erogenic cycle, Another noteworthy association with profound 
crustal dislocations is illustrated by the past and present 
Vulcan ism within and adjoining the African rift valleys and 
their continuations north of the Red Sea. Other sctntcred 
lines and groups of volcanoes occur in the Pacific, Atlantic* 
am] Indian Oceania 

Tua>‘thirds oj the + n:tivc volcanos and an immense number 
noi tong extinct arc distributed around the borderlands and 
festoons of the Pacific The accompanying list todies 
the aaire occurrences by numbers fexduding merely parasitic 
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Guatemala (11) 
Marars^Ltu (7) 

Conn kica 15) 

O*ter Antiltei ft)) 
Northern .\ndn (M J 

Orajtnl Aftdn ffr« 
SotftbeflJ AanJn :l£J? 

Southern AnUEiin f2) 


VOLCjlNln Ai .livnv 



474 


Map iHpfpwiin; iln' ilirbitkilkm <‘f wtifoncn {iriclu(li»n mim> Imij; c*eim ri mjil plateau Jitujilli brlmtgllii! M this l.iirii 
it^-JoRiettt rvrJe -4 wtiviiy. tin -I the pinInn U*Il> .twunnj .... *hr mnpi nrr : 
ft* |M Sibriu. Partutfi lljiaiu. ftrakeoibFltt, Zniiiljnii, Taima rtU. f.iHier Trrtiaiy. Ill ilo-Ari lk . DeUan t ludin,, Mun fiI) lb 
Afm«* » An** ; <**hwnh» *wt SniA< Rivrr, M«.iri»4^iecii4niii > K uuLtrrlf v. Atiywnlo, 8$™ mill VrahU, 

h r laii di sSul HJJiiV r_- * 











fiWTRLBirrroN or volcanoes 

vents). Figures are aha given for llie highly active belt of the 
Dutc h F«iat Indies, where Lhe far e.Mem omtijuiiitidii rjf the 
Alpinc-Himalayan otogenic belt faces the Indian Ocean. In 
two places the Padfit “girdle of fire" encroaches on the 
Atlantic : m the volcanic loop of tile Lesser Antilles, and in 
the similar loop of the Southern Antilles, which links Patagonia 
v.iif. Ora ha inland. The association of volcanoes with coasts 
of Pacific type is dearly marked. lit striking contrast, coasts 
of Atlantic type are relatively free, and along rail stretches 
entirely free, from volcanic activity. 

A lint <n or arcuate arrangement oi vents along the otogenic 
belts is highly characteristic, and i- well illustrated; in the Dutch 
East Indies Fig. 211). Here and in similar ares elsewhere 
11 ig. 2131 the outermost zones, where earthquakes are frequent 
and moum.tit! building is still in progress, show no signs of 
lulvanbrn. Ihe volcanoes, whether active or extinct, are eon* 
lim-d to parallel zones situated a hundred miles or more on 
the concave side of the zones of present-day tec tonic activity. 
The vents arc comm only strung out along lines of fracture in 
belts that were folded and uplifted during an earlier i disuse 
of the orogcnic cycle now drawing to its dtL 

Along the Alpine-Himiilayati erogenic Ixdt—uparr from the 
Lliiuh F.,ut Indies^—volcanoes arc distributed more sporadi¬ 
cally. Tlic volcanic zone can be traced from Madeira and 
the Canary I.dauds through the Mediterranean region (e.g, 
ius, Li pari Islands, Etna, and the /Egcau volcanoes) u> 
thr Caucasus (Elburz), Armenia (Ararat), Persia .Demavend}, 
and Baluchistan. Beyond the Himalayas the line continues 
through Yunnan and Burma to the Andamans and the link 
islands to the east, and so to the Dutch East Indies. The 
spacing is very uneven and there are long gaps, especially 
along the Himalayas and the Al|w. I> has been suggested 
that m such regions, where the crun has been Intensely com- 
prcii.'d by severe overfblding and overt trusting, the structure 
bhnb the passageways which might otherwise have cen- 
tmtiea tip to the surface, and so favour the injection of magma, 
akiiig The thrust planes rather than across diem. 

However tlus may be, it h dear dmt many of the European 
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volcanoes of the present cycle broke through the median areas 
within the brandies of the orogemr belt (l^ around the 
Tyrrhenian Sea ; along the Mediterranean coasts of Spain 
and North Africa ; am! in the Hungarian basin), and also 
through the forelands outride *.g* the volcanic district* of the 
Auvergne, the Eifd, and Bohemia)* Further east, Tibet secirn 
to be free from volcanoes possibly because It stands too High ; 
only a. few hot springs emerge. Active cones have been re¬ 
corded from less lofty situations, however* near the rim of the 
Tarim basin in the very heart of Asia, and others arc known 
in Mongolia and Manchuria, A noteworthy t-cample of a 
Circu in-Pacific median area with many recent vents and cones 
is die Colorado plateau (page 422), 

Reference to the vuieaiibni associated with ihr African 
rift valleys has already been made on pp. 436 to 437, The only 
active volcano in West Africa h Cameroon Mountain* which 
forms R<1 of a long volcanic chain that mends as a string 
of irkimh far into the Gulf of Guinea. Well-preserved cciocs 
and crater* have recently been observed in the deserts ol 
northern Africa, and there arc many older voltauk piles 
among the highlands of the Sahara, 

Several of the vulcanic bjimds of the eastern Atlantic have 
already been mentioned, and to these must l>e added the Gfipc 
Verde group* Wdl within die ocean the islands that rise front 
die mid-Atlantic swdl {*.£, ihr Azote*, St* Helena, and 
Ascension i art all volcanic* Most of these are now extinct, 
but where the swell meet! the ridge from Britain to Greenland 
there occurs une u[ the world's greatest lava fields—Iceland, 
with over a score of active volcanoes. Further to the north - 
westj just before the -well dies our, die most northerly oJ active 
volcanos forms the island of Jan Mayen. 

Besides Kerguelen, in the far south.* die active volcanoes 
of the Endian ocean belong to die is i and group* of Comoro* 
Mauritius, and Reunion, all near Madagascar, which itself 
has runny cones not long extinct* The scattered oceanic 
islands around Antarctica arc abo volcanic. On the fringe 
of Antarctica there ire volcanoes boidrring thr Ross Sea, 
including the active ocmes of Erebus and Terror* The Pacific 
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lias several groups and linear series of volcanic islands, while 
die innumerable coral islands point to the former existence 
of many more which have been worn down to submarine 
platforms, and are now capped with aiolls. North of the 
Equator is thr magnificently developed Hawaiian chain 
(p. 4u7). 'I he Galapagw Islands lie across the Equator off 
the South American, coast. South of the J quator there are 
the volcanic islands or Juan Fernando/, (active) and Easter 
Island (extract) In the east, and of Samoa in the west. Those 
to the west and south-west of Samoa U.g. Fiji, Tonga, and 
Kermadec) belong to an outlying arc of the Cimtra-Pacific 

belt. 

In the early days of geology, while the interiors of the 
continents still remained largely unexplored, it w*is not im- 
tin rurally assumed that all volcanoes occur near the sea* This 
apparent “ rule ** suggested the erroneous idea that sea water 
infiltrated into the magmatic reservoirs and so caused eruptions 
by being converted into steam. Such accidental steam 
explosions do occur, of course, but they are merely a super- 
fidal consequence of volcanic activity already there, and 
they are in no way to be regarded us its cause. The old 
generalization can no longer be justified, .ns the facte of 
distribution already on dined prove beyond dispute. More¬ 
over, the distribution of the Jurassic and Tertiary plateau 
basalts '.Fig, £52) shows that in the past widespread con¬ 
tinental regions, most of which lay fir from llie sea? and 
omam of the time, were deluged with lavas on a prodigious 
scale* 

Volcanic activity everywhere takes full advantage of pro¬ 
found fracturing of the crust, and since the greatest crustal 
deform a i ions occur in the otogenic belt* surrounding the 
continents iFigs. £{)ii and SIP), it is hardly surprising that 
thrre should now tie many volcanos near the oceans. W hat 
is a matter for surprise is that there are not more volcanoes 
associated wiih the fractures responsible for coasts or Atlantic 
types. Obviously fracturing is not a sufficient condition frir 
vulcanisin. I fie essential condition is that there dir mill be 
magma in depth to be tapped or to force its way up through 
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ripenings of its own making. The real problem of viiJcunkm 
is that of dit* origin of magmas, and to tins iuhject we now 
mm our attention. 


Speculations on rtii: Causes or W-lcanism 


l 'nirtration of llie C-ul b ; trust by burr-holes and mines 
shows that the temperature increases with depth. The rate 
of inn tr.i'f*, or, in otfu r Words, the temperature gratlitni^ varies 
considerably from place to place. Away from active vulcanic 
centres the average gradient is about 30 per km., but in 
Ontario and the Transvaal it falls to as little as J» or 10° 
per km. ft the downward rate of increase continued uni¬ 
formly, temperatures of fusion, say about 1050 ° C., would 
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rcadictl in J1 average " regions at a depth of about 33 km. 
For this reason it was Ibraicily thought that underlying the 
solid crust Lite re was a world-wide layer of magma. As a 
result of high pressure such magma would lx- extremely stiff, 
and probably more like a glass than a mobile fluid, but never- 
dlch ' sS h t* capable of II.w, and it would at once 

cnipiiijr if ji were lapped by ;i tinsure leading up 
to fhc «irfa£C, 

If ihe kiwcr part of the basaltic layer were actually id 
;i stare of fuston, it is easy to see chat the magma could be 
driven m the surface, and even 10 the surmniis oflufty volcanos* 
bv the head ofpres-iuine thir w the ivcight of the overlying rocks- 
T ^ n g fhc awrage enm illustrated in Fig, 253 as an example, 
the pressure exerted by the rocks 4m a thin layer of basaltic 










AScorr or basaltic magma 

magma would he propoTliionaJ to II - 3-7 (= 3B-7 due to 
the granitic layer plus 24 >: 3 (» T> due to the basaltic 
fa verb making a total ol 10!-7. Let h lie the limiting height 
to which the magma could be forced through a figure fee *ling 
hito the pipe of a volcanic cone. Since I lie density nf molten 
basalt is about 2-7, we have 

2-7 h —-JOl'7 - t whence ft 37-fi" tm. — 35 - S-67 km. 

rhtis, not only would ihc magma reach the surface, but it 
could build tip a cone and within the crater to a height 
of 2-<17 km, or M,75<> feet, ! his is comparable with the highest 
of continental basaltic volcanoes. Etna, with a crater rim 
reaching an elevation of 10,730 I'rei, has probably reached 
the limit, lor most of its eruptions are now confined to vents 
that have opened on the dope* below the rim. Ii should, of 
cajurse, not be overlooked that the gases and vapours which are 
presetj! in natural magma lowri its specific gravity ,as com¬ 
pared with that of iiriifu ialK l ihcd basalt), and so help its ascent, 
especially in the vicinity of the surface, where the concentrat¬ 
ing gusts may eventually burst out with explosive violence, 

'l*he existence of’ active basaltic volcanoes and of vast 
spTKids of plateau basalts proves that, locally and at certain 
times, adequate supplies of basaltic magma must be available 
in the depths. Tbe old idea that there is a world-wide emptibk 
layer of basalt ran, however, no lunger be sustained- As vvr 
shall see presently, the downward iirfrea.it: of temperature falls 
off in depth, arid ihe basaltic layer ts normally at a level far 
iilwivc the de-pi Ii at which it could exist in a molten state. 
Moreover, if there were such a molten layer, a fissure eruption 
d plateau basalt, once started, should continue without 
interruption until all the eruptible material had either reached 
the surface or formed dykes and silk on the way up. Actually, 
we find that each of the great basaltic plateaus is marie tip 
of a l.irgc numtier of separate lava flows, and that i litre was 
a tong interval of quiescence after each flow, during which its 
top was wcathrmi to soil or lattritc, sometimes to a depth 
o| many feet, It follow- that the available supply of magma 
at any one time was limited ami rapidly exhausted, and that 
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tlir source mu^t liave been replenished ;i^in and agam. 
Theoretical I y t such tcplcgiihtitfnt might be brought about 
sillier by localized fusion of the crystalline rocks of die basaltic 
layer, or by the aserm of lies 1 1 supplies of basaltic magma 
from still grcaicr depths. 

In the light cl our present knowledge the problem of the 
origin or basaltii magma ha# become extremely difficult, and, 
strictly speaking, it cannot lx: regarded as solved at all, except 
in a speculative way. The main trouble arises from the 
distribution of temperature in depth. In 1906 Lord Rayleigh 
detected the presence of minute quantities of the radioactive 
dements in common rocks from all parts of the world (p, JOfi i. 
It wanhen realized that the rocks of the earth's crust, including 
basaltic lavas, contain within themselves #m unfailing usurer 
ut beat. At first it was thought that the hr-Lii generated by 
radioactive disinicgraUrju would be sufficient to ensure 


temperatures of fusion near the base of the basaltic layer. 
Volcanic activity was then Interpreted as tilt means by which 
the molten material escaped to the surface, so allowing the 
steadily actumulating heal to be periodically dissipated. 
Eseii ir the temperature at the base of the basaltic layer 
normally fell a little short of that required to bring alvut 
fusion, it might locally reach the fusion point in places whrre 
the ermt was deposed and thickened, e.g, beneath gcosyndinct 
blanketed by heavy sedimentation, and still more in the deep 
toots underlying mountain ranges, where the radioactive crust 
U, ornes abnormally thick. However, i, i s n0 | 0Wcr po5S ;t>| e 
to account so easily for vulctuiism. More recent investigations 
mvc shown (a) that die crustal layers am not so thick-and 
therefore the basal temperature* are nor so hi eh—as was then 
suppov . ) that the actual flow of beat through the crust 
in non-vrikamt regions is far less than it would be if fusion 

! We i*?? e S a *^ wl,cre »«r the base of the 
t i. 1 ,i > rr » ^od (ri that in the mots of otogenic belts 
the ini? required for temperatures to rise to the fusion point 
w-ould be weH over a hundred million yean, which mean. 

! i Idi 1 S nft,us *i(ti\tn contcmpnrancoos with mountain 
building must have some other cause, 
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In assessing the downward increase of temperature we have 
to take into ctinsideration ncii only rhe Umperarore i^radirait 
observed nrar the surface, but :ikrs [he [hernial conductivity 
of the ermtaJ rocks and the quantity of heat crated vdtUh 
rhcwi- rocks by the radioactive elements* The frallowing 
simplified treatment of this problem gives an approximate 
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solution, using ihe clntu summarized under Fig. £. 14 . It 
slioultj be explained that th<- heat How at the wrf&ce is given 
by the product of the tempera lure gradient by the thermal 
conductivity of the rocks through which the heat flows, both 
of which factors can be accurately measured. It is found 
that the hcai flow in different plates varfi* much less than 
the corresponding temperature gradients. In Britain, for 
example, it ranges between 2-ui y Ji»* calories per jccond 
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|Mrr sq, cm. near Glasgow [where the influence of I he Mull 
swarm of dyL& mates itself felt—c/i Fig. 38), and H, in the 
same units, around London (where there was no Ternary 
ignenus activity, and probably none for many hundreds of 
millions of’years). In Sotuh Africa die average heal flow is 
riO, and in Michigan about 1-0. The average heat flow In 
non-voleanic regions appears to be about i-3 in the units 
stated. 

The heat Qmv H, from the granitic layer is the sum of H lf 
which is the heat generated by the radioactive dements in 
the layer, and H S( which is the heat that enters from below. 
Thr average hear flow is H, + H x ) 2 ; ami the average 
temperature gradient is fT, — T M ) (d. 


14 u Hi + fl 4 

ilem c, sit have —— - - 

% 


_ k(T t - T t ) 
J 


whence T, ■ T 0 + ^ Hl + H » ^, 


From thrdiiiu listed under Fig. 201, 


Tj - 10° + 


n - 10 s / 1*3 + 

■hOflB \ 2 ) 


x Jtr'* 


ius° C. 


Similarly, the beat flow H, from the bavahir layer is the 
sum of ilj, whir h is generated within the picks of the basal lie 
layer, and H* t which is the heat that niter* from Woic, The 
average liral Ihiw is (H* -f U 4 );2 ; and the average temperature 
gradient i* <T t - Ti)/p, 


As before, 

whence. 


H, 4 H t 

s 


KfT« - T t ) 

D 


1&5* 4- 


24 HP 

■tKrt 


t,.t, + »(S4JL) 


10-* = fS8f» : C. 


The curve drawn through ibese values for T, and T s in 
Fig. 2;>fi gives the approximate distribution of temperature 
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BmvMV.vitii r-inkr.^t of tt,wfehatvri; 

through die average nui. It wit) be seen that throughout 
i he granitic and basiiitic layers the temperature arc every¬ 
where tar below those required for magma formation, The 
nap amounts to hundreds of degrees- The data are naturally 
subject to variation from place to place, but, so far as we 
ksiMU at present, no prrmiotbJr variations In tlu* data adopted 
male it possible i<> bridge the gap. Vet the gap must some- 
limrs hr bridged t*i account fur the local existence of basaltic 
tiWgMB* ahd >iill more For the local generation of granitic 
magma :it no groat depth beneath the surface. Evidently 
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enormous quantities of hr.it vmidum appear In tlir omgcnic 
In-lts, and also beneath those parts of the more stable crust 
wiieie plateau bus alls have Hooded the surface. How is it 
thui these areas have become the tctiifKirary 11 hot spots *’ 
oi the earth, while the rest of the crust was cooling? It is 
obvious that the continental ermi does normally cool, Tor 
almost every part of ii has been I he- site of igneous activity 
at srmic time or other during the canids history. Throughout 
geologies! time the hot spots have Iiificd about from one set 
of localities to another, always arrompmlying the erogenic 
l>clh of the time, but .tiro appearing mate or less at random at 
vnriuu., places In the intervening tracts. 

I roni thee cundd natron 5 ii appear , that the loru) heating 
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irp of the crust is to be ascribed to processes operating in the 
underlying substratum. And here we inevitably enter the 
uncertain realm of speculation where there are various hypo¬ 
thetical possibilities to be explored, but few guiding facts. 
One possibility is that magma generation may be a consequence 
of sub-CTust:d convection currents, and this is perhaps the 
most promising suggestion available at the moment. 

It is conceivable that the base of the basaltic layer may 
become fused by heat carried up by hot ascending currents 
(tf Fig' 215}, but if such a process were at all important it 
would probably give rise to I ar more widespread conditions 
of crustal fusion (Jian we have any right to assume. It is also 
conceivable that beneath the urngenic belts, where opposing 
currents meet and turn down, part of the basaltic layer may 
be dragged into the currents, as illustrated in Fig. 262 and 
described on p. 507. Such basaltic material would be intensely 
metamorphosed, and would ultimately Income fused, wholly 
or selectively. The resulting magma, because of its relatively 
low 1 specific gravity, would sflonsr or later ascend again, Part 
< if ir might be squeezed hark into the higher levels of the 
orognw belt, but much of it would probably reach the crust 
fur from its original source, and so become responsible for 
basaltic eruptions on the continents and ocean Hours. Il 
should be noticed that although Fig. 2C2 is drawn to illustrate 
die case where magma .urciids from beneath the ocean basins, 
the mechanism portrayed is just as likely to bring basaltic 
magma to continental areas. 

The most conspicuously hot regions nr the crust are un¬ 
doubtedly the erogenic belts, and this may seem at first sight 
to be inconsistent with the hypothesis that these arc also the 
regions where the convection currents begin lo descend. Sink- 
ing current* cannot be so lint as rising currents. But there 
ate good reasons for supposing that the crust overlying the 
cone where two opposing currents approach and turn down 
must inevitably become abnormally hui. 

In the firs* place* the doWn-dragging of the crust ;uid of 
The upper crystalline part of the subatnimm, during the 
development of a gcosyndinc and subseqiieudy during root 
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possible NGL-Rcaui ui magmatic heat 

formation, must involve intense shearing and iHriioc, 
tJicrdore lilt liberal im of a gTc.u itr.il of heat. Hie obwctVa- 
tion that certain thin bands of tnylonite fp, 8b) show obvious 
siujis of having been fused proves that the heat due to friction 
Is hy no means negligible. Although it is doubtful whether 
such heat can be produced sufficiently rapidly to promote 
fusion on any considerable scale hy itself it must nevertheless 
be taken into account as an important contributory factor, 

In the second place, when rocks are intensely sheared 
certain constituent* are liberated in a mobile state, so that 
11 try become free to migrate inwards places of lower pressure, 
"fills process must operate within tin: niouiitain roots, and it 
may become even more important in rocks dragged down 
into the underlying currents, until il merges into true fusion, 
as a result of l!ic steadily increasing temperature. If basaltie 
rocks are drawn into tEtc descending currents they will grad¬ 
ually he heated up by their surroundings, and blebs and streaks 
of magma will be generated as the. latent heat of fusion is 
supplied. Such magma, and indeed all the mobile cotisiitueiHs, 
whether liberated by sheafing or heat, or both, will he squeezed 
buck inwards the crust, just its wLiter is squeezed out of n wet 
blanket as it is passed through the rollers of a mangle. The 
descending currents must operate like a mangle towards all 
the materials within them down lu very great depths, and 
consequently there should be an upward streaming of intensely 
tieaitfl mobile materials, rich in gases and volatile emanations, 
all mi grilling towards regkun of lower pressure—that is, 
Iowarth ihc surface. 

Eventually most of these materials will pass into the 
orogittic belt, partly as magmas, and partly :ts a procession 
of highly energized and chemically activr emanations. As 
flic [aucr saturate the rocks frocks already heated hy friction! 
the cycle c>r metamorpliiim summarized in fig, 31 reaches 
its culmination .mil new magmas are formed within rite crust 
itself. From the testimony of the rocks now exposed in the 
heart of ancient urogenic belts, it hat been inferred that granite 
magma can actually lie generated in this way (p. On), A 
hypothetical source for the grant I e-making emanations has 

tm ja 


VOLCANIC ACTIVITY 


onv, hct:n traced, hut it must be clrarlv understood that the 
process envisaged in the above ffucussfon is at prrsml im 
more than .1 plausible hypothesis designed to account for a 
few u| (hr more obdurate (acts conccniriJ uriih the pijz/linq 
behaviour of our planet. 
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CONTINENTAL DRIFT 

CoNtlKENTAt, AN!) t) CRASS 1C RELATIONSUtfS 

Ttm continents arc essentially Lliin slabs of sial, distributed to 
form a northern pair, known together as Laurasia, and a 
more sen tiered soul hern group, collectively referred to as 
Gondwafialand- The outer peripheric:; of the members of 
each group are defined by the orogejiic belts or the Just gntti 
tectonic revolution T igs. 209 and 210), and the coast-lines, 
generally b.t eked by mount aim, -ire of Pacific type (p, 4ol). 
lilc inner margins of the member, of each group, against the 
At* lie. At bn tie, and Indian oceans, are fractured and in many 
plaun down faulted towards the sea, and the coast -lines arc of 
Agamic type (p. 400). Across the floors of these intervening 
oceans the sial layer, where present 21 all, is patchy in distri¬ 
bution and very modi thinner than hi the bordering continents. 
Much of the Pacific floor, howwer, Jacks a layer of sial alto¬ 
gether. The major utructural units of the bee of tile earth 
tlius fall naturally into ihe following pattern : 

la The continents of the faurasut group 

lb The intervening North Atlantic and Arctic oceans 

2a The continents of ihe Gtmthvanaland group 

2b The intervening South Atlantic and Indian oceans 
3 The oceanic basin ■ T ihe Pgcijic, everywhere outride 
1 and 2 (see Fig, 30K) 

To what extent these primary units and their arrangement 
have been stable or otherwise during geological time is one 
ol the tiuidamcntaJ problems orgeology. Fur nearly a century' 
this question has been vigorously debated as one line A’evidence 
after another has been discovered ami followed up, Before 
then the widespread occurrence of marine sediments over the 
lands suggested dial the Conti mails could sink to oceanic 
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depths and the ocean Soon rise to became dry land. It was 
grad11Lilly recognized, however, that these dwf^its merely 
prove flooding of I lie lands by shallow seas : they do not 
demon:,irate interchangr of continent atid ocean, For this 
reason, :inioiigii others, Dana express'd the vinv in IMK th-it 
continent* and oceans have never changed places, and that 
ihe general framework of the caitli bits, remained essentially 
stable. Nevertheless* Edward Forbes* tackling the subject 
from the biological side in the same year* found it impos¬ 
sible to explain how animats and plants had migrated 
from one continent to another unless some pzuts of the 
oceans had formerly been land- Thus began the long con¬ 
troversy regarding the permanence of the continents and 
ocean basins. 

Support tut prrmuneiicy h found in the fin t that derp-vcu 
deposits like those now forming mi the ocean Ileum tire confined 
to one or two marginal uhnds (p. 320) and are consistemly 
absent from die strata now exposed on the continents proper. 
Moreover, from the standpoint of Lio5tajy it is very difficult 
to picture a process which could bring about widespread 
dim i gci of I c v el a mtmn ting to t wo m j I cs or more. The exp Sana - 
tinn given for the subsidence of geosyneliras and the uplift 
nf orogetuc belts can hardly be applied to otxas of continental 
extent. Hut since the continents themselves are vast complexes 
nf erogenic belts of different ages, it l- obvious that they must 
have been profoundly modified during gcofogU.jl time, and 
tIku a good deal of variation in extent and position must there¬ 
fore be conceded. 

Hit extrrmr advocates of permanency have also had to 
yid L l gtOund in lace oF the evidence that certain regions that 
were undoubtedly land long ago are now parts of the Atlantic 
and Indian occaha* hi Hrir.iiu the sediments of the Tomdtinfon 
And siimc of those fi f thr Old Red Sandstone and Carboniferous 
ivr re fieriv«l from a land that lav to the north and wi^t of 
Scotland, On the other »de of the Atlantic the Appalachian 
geosyndme was largely filled with sediment from the <outh 
c-dit, i he gold-bearing conglomerate, of the Gold Coast Wi 1 1 
carried there by a great river that drained a land lying to the 
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souiJt. In each of these cases the she of the ancient land is 
now open ocean. 

What, then, has happened to these vanished lands? 
Theoretically there are three possibilities : 

ffli Hiry may have subsided bodily to great depths, while 
retaining their original positions on (he earth’s surface. This 
1*5 ilie apparently obvious answer, but it raises a serious isostatic 
difficulty. If a tabular iceberg split into two, the separated 
bergs might slowly drift apart, but neither could s in It. "Hus 
analogy has a value in introducing the idea of continental 
drift as an alternative to continental sinking. 

W Bbdity horizontal displacement may have occurred. 
If this happened there would Itc no subsidence. Labrador 
might Ik: die land that formerly lay adjacent to Scotland, 
f iu- cold-bearing trai ts of I lie (imam* and Braril might be 
the source of the gold deposits of the Gold Coast. 

(c) More probably, however, the crustal layers, including 
the sial, may have been stretched out horizontally between 
the displaced continents, the sin! thereby becoming thin and 
patchy, in this case the resulting iaintulir rrjdjuittticnE would 
involve sinking. The known structure of the Atlantic and 
Indian ocean Hours is comb tent with this explanation. 

Pur many years it was naturally assumed without question 
that if interchanges between continent and ocean had to be 
postulated die movements involved could not be other than 
vertical. ’Hie suggestion that there might have been lateral 
displacement* of the continental masses on a gigantic scale 
« generally ascribed to F. B. Taylor in America (UHW) mid 
to Alfred Wegener in Germany istiu). For several years 
these pioneers developed their unorthodox hypothecs quite 
independently. Actually, however, the same idea had occurred 
to Antonb Snider more than fifty years before. In a book 
*'ith the optimistic tide La Crkaticm el ,«j Mprtins deaoiUs 
fParis, l Siitj} he published the two maps here reproduced as 
I ig. 21 ) 6 , Snider’s rcrnnstnirtion of Carboniferous geography 
was intended to explain ihe (act that most of the fossil plauts 
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preserved in. the Coal Measures of Em opr are identical with 
those of the North American Coal Measures. Although ihr 
tivo diagram* reappeared inH, P^r'i highly entertaining 
Ploytotrk i >] Metals :London, 1 fttll \ t the idea they embroiled wj> 
evidently reganled ns tiitj i;nit.utif and outntgrous to be 
worthy or attention. Not imnatnrally it soon became com¬ 
pletely forgrjtttl). 


Taylor's Hypothesis of Continental Drift 

It w.'o not until Wegener published his famous book on 
the lubject hi ltd 5 that the possibility of continental drift 
lKgmi to receive serious attention. Jfut Taylor must br given 
credit for making an independent and slightly earlier start 
in this prii atunji field. Mis immediate nbjri;( mas to .tceouni 
for the distribution of mountain ranges. Hr pictured the 
original Laurusia as Iniug a continuous dieci of dal and 
supposed it to have spread outward* towards the Equator, 
mure or lc*s radially from the Polar regions, much ;li a conti¬ 
nental ict sheet would flu. Wherever the resiilmjre was least 
the crust flowed out in Inhc*, raising up mountainous Ioojm and 
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arcs in IVon I [rj\ Fig, 209 i. Such movements, of course, would 
be impossible without complementary stretching ami splitting 
in lilt* rear. And, indeed, iberr is ample evidence of down* 
faulting and disruption in the coastal land* and islands of the 
Amir and N'tinli Atlantic, and especially in the highly 
fractured region tn-tween Greenland and Canada, the map 
of which looks like a jig-saw puzzle with the separate bits 
dragged apart. In the Southern Hemisphere the originally 
romimtDUS Gondwan aland similarly spread "ut T breaking up 
into iimnrmr rails which also migrated towards the Equator 
and raised up mountains in front (Fig. 210).. The basins of 
the South Atlantic and Indian oceans are interpreted as the 
stretched and broken regions left behind or between these 
drifting continents. 

For tw<> reasons Taylors hypothesis received scant atten¬ 
tion. As we have already seen (p. 3ht), a certain amount of 
lateral continental movement is implied by the structures of 
otogenic belts, but it seemed to be utusecasarily extravagant 
to invoke thousands or miles of horizontal displacement when 
from twenty to forty—randy more—would suffice. Secondly, 

1 ay lor i attempt to explain the dlrged movements was quite 
unacceptable, He postulated that the moon first became the 
earth’s satellite during the Cretaceous, and that ;u the time of 
its dose approach and capture it was very much nearer to die 
earth than it is today. 1 he resulting tidal forces weresuppused 
to be sufficiently powerful not only to alter the rate of the 
earth's rotation, but also Lo drag the continent? away front the 
poles. 

Apart from the improbability (hat the earth was without 
a moon before the Cretaceous, there are two fatal objections 
to this hypothesis : 

( 0 ) If the late Cretaceous and Tertiary mountain building 
is to be correlated with the supposed capture of the inoun, 
dim we arc obviously left with no explanation for all the 
earlier erogenic cycles, 

(^) If du tjd;d ionic applied to the earth by the newly 
captured moon had been sufficient to displace continents and 
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raise mountains cn the *calr required* then, aj . Jeffreys Iuls 
shown, the friction involved would have achd like a gigantic 
brake and the earth’s rotation would have been brought to a 
standstill within a year. 

Taylor's li explanation 17 is completely untenable, but from 
the criticisms one very important conclusion may be drawn. 
The fan that the earth continues to rotate shows that neither 
tidal friction nor any other force applied from outside the 
earth can he responsible for mountain building or Ibr conti- 
ucntal drift, if it occur*. We have already found a cause for 
mountain building inside the earth, and if a cause Ibr conti¬ 
nental drift lie abo required, it too must he looked Tor within 
the earth. 

Wegkjcer's Hypothesis of Continentai. Drift 

Wegener’s highly complex conception of the evolution of 
the continents is graphically illustrated by bis own strange, 
but now familiar* maps Fig. 257), His picture of the world 
in Carboniferous times is strikingly similar to Snider's, except 
that India and Antarctica arc tucked in between Australia 
and Africa, with the horn of South America forming an outer 
wrapping. Fur tins «mi pressed combination of La unsain and 
G<uidw<inaland he proposed the name Ptingsa. In one im¬ 
portant rdpcct, however, neither Wegeners Curbcimtcrous 
map nor Snider s give* adequate c.X]>rr*si<m t> < its author’s ideas. 
Snider urged that the forests of the Coal Measure* were tropical, 
and Illat in consequence Europe imi North America must 
have been near ihe Equator. This implies that South Africa 
must have been near the South Fob*. Conversely, Wegener 
inferred diat the Carboniferous South Foie occupied a position 
just off the present South African coast Tig. 260). His scheme 
thus involves not only continental drift, but also extensive 
wandering of the poles. 

The present distribution of tiw rontinrnlw iv regarded a.i a 
result of trasim rotation by rifting, fallowed by a drifting apart 
of the individual maao. ’Hu! smithmi erintfnftnti began to 
unfold during die Mesozoic era by being dragged away from 
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wherever the South Pole happened to be at any given time 
during the- progress ot the outward SumewhiU 

birf North Aniukd bev.m to break Jt»mc find drib away to 
the w-id. GjTrnJ.Lud bring die J;ul to go, the \*J mtu is tin- 
wwteim g:ip 3rJE j-tml, liiw up in the appropriate levrj by 
rim:* from brtaw. A peculiarity of Wegener’* interpretatiDti 
t* hi* insistence t this t <hr opening of the North Atlantic was 
accomplished almost entirely during the Flriifejrene, By the 
time ilir fmlt>. had reached their present position* Antarctica 
fnimd ii n !l stranded over the South Pule ; Africa lay athwart 

Equator ) India had been lightly wedged into Aria, where 
Its originally northern part now lies buried under the high 
plateau of Tibet; and Australia had advanced far into the 
Pacific* by-passing the Banda ore and coming 10 rest against 
its eastern end. 

Ihe drift d the run t incut* away from the pole* was 
dranuui'eaUy itatibpd; by V\ egener as the Pof/fiurkt— the Flight 
from the Pules, fie ascribed it to the gravitational attraction 
exert cd by the earth s equatorial bulge. r I"he force is a real 
one bui t nuforiiiinuriy for Wegener, it would require a force 
many millions of limes more powerful than this to drag the 
continent* from their moorings. 

Wegener abo postulated a genera] drift towards the west 
A* the Americas moved westward* agaitisi the resistance of the 
Pacific floor,, their prows were crumpled up into great niount<iin 
ranges.. Between the two immense rafts a tniil of fragments 

higge.'bind and formed the j rf ftndi of the Wr>[ Indies- 

Ihe stretched-oat wtlimm roiincc ting South America mid 
Antarctica similarly lagged behind, forming the horns of the 
two rontmctU* and dieddlag bits r,f rial dm now remain as 
the uland Joup of the Southern Antilles* The alleged effects 
1 4 die- wt= telly drift uf A»u are b^ happily COivctived. The 
Lirc^t w^nir rlrrp* .tr« supposed to represent fissures 

tun\ in ilnr PiicifiL llnnr , inf | nnt yei f uJ]y | ]eiltd w . hQf the 

i l.tin! lahvuit, .if t .(rips of < K U that furdnilv lo-i their i!l idi- 
mrnt t* the mainland. 

ihe westward mwcmcjits urr ascribed to tlic diJTtmitial 
attractions of me moon anti U„ lun ,m the eoutinctm. Tidal 
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trie Lion acts like a brake on the rotating earth, and as the effect 
on protuberances is greater than than that on lower levels of 
the crust Use continents tend to bg behind, if they did lag 
behind, they would appear to drift to the west. But here 
again the force invoiced is hopelessly inadequate to overcome 
the riiurtiKnu rout,me r that opposes actual movement. The 
tidal force barely affects the earth's rotation, and is actually 
ten thuusaud million tunes too small to move continents and 
raise up mountains. 

In supp'ni of lii^v presentation of the rase for <nnt mental 
drift Wegener marshal Jed an imposing ceil lection nf facts mid 
opinions. Some of his evidence was undeniably cot;cm, but 
sn much af his advocacy was based on 5 pet ulation and special 
plead in.: that it raised a storm of adverse criticism. Mtst 
geologists, moreover, were reluctant to admit the possibility of 
cuntincnt.il drift, because no recognized natural process seemed 
to have tiie remotest rliance <rf bringing it about. Polar 
wandering, the “ flight from the poles,” and the westerly tidal 
drift have all (wen discarded as operative factors. Neverthe¬ 
less, the really important point is not so much to disprove 
Wegener’s particular views as to decide from the relevant 
evidence whether nr not continental drift is a genuine variety 
of earth movement. Explanations may safclv be left until we 
know with vrenter confidence what it is that nerds to be 
explained. Let us. then, turn to the evidence with an unbiased 
mind. 

Hie chief 1 riu-cih for t > Iitinenl.il drift .ire based on the 
following mud derations : 

(a) If two continents, now far apart, were originally united, 
it should he possible to detect the fact by die recognition 
of certain featurfc that were shared in common bv the. 
separated lands, t,g. otogenic belts of which llic broken 
ends cun be naturally joined up ; other detail- of geological 
history as revealed in the sedimentary sequence*; and the 
identity of tlic fossil remains uf animal and plum* ■ especially 
of land and iVcdiwater species which could migrate Freely 
across ihe united cuutinents but nut across an intervening 
ocean, 
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;'A) Lf the continents formerly occupied widely different 
position* on the earth's surface, then the distribution of climatic 
zones, as inferred from geological evidence, should have 
correspondingly changed. 


The Opposing Lands or the Atlantic 

The. parallelism of the opposing shores of the Atlantic has 
been a subject of discussion ever since Francis Baron first drew 
immikin to it in lH3Q. To Wcgolcr it suggested that the 
Atlantic is an enormously widened rife with the sides stilt 
matching “ as closely as the line* of a torn drawing would 
correspond if the pieces were placed in juxtaposition, 1 ' The 
fit, even of ihc broken edges, is far from incitig as perfect as 
this, however. No sign die an re :uj be attached loan argument 
based on a geographical pattern that i: little more than a 
temporary accident. In Tertiary times the ouiliitev of die 
l oasts were very different from those . .fi< -day. Nor is parallel- 
jsni to be expected as a normal result of continental drift, for 
it is mechanically impossible that the rial blocks could have 
moved apart without a certain amount of rotation and a good 
deal of marginal distortion due to stretching and faulting. We 
know th.it there are patches of rial on the Atlantic floor, the 
two most notable bring the long S-riiapcd swell that traverses 
11■ r 1 Hoor frrnn end to end, and the broad rise that links 
Greenland u> Britain by way of Iceland and the Faroes. If 
all ihis intervening rial were closed up again, until it became 
a dicer of normal continental ihkkncj t would make a land 
mam hundreds of miles wide. Consequently, If we imagine 
the Atlantic to be rimed up, [t is obvious that not only the 
present shores but alw< the edges <if the continental shrives 
w'ould be still •?pamted by a distance of thii order. Matching 
ol Uie geinogirnl iiirtrapurMtcTitrs will clearly Ijc much IrM 
precise than would Iv eJcjiectcri if the coast-lines dovetailed as 
perfectly as on Wegener’* too closely fitting maps. 

Nrverlheli-rs, Hi*; .icttial similarities :me vrrv r^in trtable 
Ai illustrated by Fig. 3M, the transverse arpgcnjc belts all 
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appear to match surprisingly well. The westward convergence 
ol ilic Caledonian and Hercynian fronts towards Ireland is 
continued it) North America, where tlie fronts tin ally cross. 
1 he <l fit f ‘ is not altoRethcr satisfactory, however* because the 
times of mnsi intense [hiding in liie Appalachians are not the 
satnc a_s in Europe. Nor is it ({lute cer tain thru the two Cale¬ 
donian From-, sh-mld be linked together as indicated. There 
is another stretch of Caledonian front along the eastern side 
of Greenland, precisely where it should be to fill the gap 
between the North-west Highlands ami Spitsbergen. Hut it 
should hr remembered that the Iceland ridge stands badly in 
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the way of a former ch*c-up, anil it mu-.f imi W overlooked 
tlmt <hr Gsrenlaiii! trout may have been directly cm met 1 led 
will] thr loose nut of Newfoundland, The British Caledonian 
belt might then join up with a Caledonian belt known to 
traverse the Sahara. This particular problem ran nut be 
settled: until the geology of Greenland and the Sahara are 
better known. 

It h improbable that the Tertiary otogenic bell*, that 
strike out into the Atlantic were ever adjacent, jm they repre¬ 
sent earth movement* that occurred when roriimenral drift, 
(assuming it for ihr moment) was already well advanced. 
Farther south, however, there are converging Pre-Devonian 
and Triadic orogtmif belts in South America which can Ire 
matched it) South Africa, Here again, the crossing fore¬ 
shadowed near the River l 1 1 ate it accomplished behind Gape 
Town (Plate BOa), The distinguished South African geologist, 
(iu Toil, has suggested that the Cape Folds are part of the same 
orogcnic belt as that or eastern Australia Fig. 201), 

For many yearn du Toit lias been indefatigable m assem¬ 
bling die evidence bearing on continental drift, (u His well- 
known book Our Wandering Cmtiarnk he shows that a 
striking series of c«rre$iwidenern can be recognized in the 
sediment.-. fossils, dim.1113, earth movements, and ignt.'oiis 
intrusions uf tlie tv™ aides of the Atlantic. Both had essentially 
the same geological history during Palaeoznic and early 
Mesozoic limes, and the combined evidence points very 
persuasively 10 the hiijh probability that they were liicn very 
much .loser together than now. Du 1 ‘oit considers it possible 
that the origin a! distance between the present opposing shores 
may have been as little 11 USD miles. But iliia is a minimum 
estimate and not perhaps Lht most probable. 

Hie chief adverse argument is a icdnriutologifal one. 
Columns A and B oi the adjoining table indicate the degree 
of resemblance CmUhI between land animal* that are free to 
migrate from one- part o| a lonikmous continent to another. 
C indicates tbe actual resemblance -.0 for found between the 
known fo^il remains of South AlrtCatl and South Am rrirnn 
Triasii.; ccjitiles, A povsthJe reason tor the obvious discrepancy 


EVIDENT: 

; FOR AND 

AGAINST 


A 

B 

C 

Famiikf 

. 1011 

89 

iy 

CfJitm * „ 

S3 

61 

8 

Sprats * . 

05 

2t; 
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A PrfttaH.ijjr of rwcnl Ghw mammals also wcur- 
ring in Nrlir.iska, JH*» Ittilrs .way 
B jVri.'riilufgE i>i fcctiit irrnrh [rijjniiul- alsa occur* 

Huff in northern Chinn, mill? away 
C tVrsi’iirnsit ■ it'lsmun South American Trhusic 
rrptiT:-'. ijlvfi found in the libudicor&mi(h Africa, 
now t,77>H miles apart. 

R ffcai lilt proportion of individual land animals preserved as 
lossik !? *o minute that tin- chances rr|~line]tim fossils of the umc 
(jcmis in Widely separated localise* are slight, am? of identical 
sptdes very remote. Negative evidence may Ik? destroyed at 
any moment by fresh discoveries, whereas genuine positive 
evidence can never tic explained away. And positive evidence 
is by no mean' lacking, Near the cop of the Carboniferous in 
both South Africa and South America t&rr L. ,i thin band of 
deltaic day containing the (bones of a small freshwater reptile 
called Aitiosaums, Hie little animal has: been fouini nowhere 
dsttr in the world. The region between the nndrnt deltas in 
which he lived must have been drained by rivers, and it was 
Lhcrdhrc occupied by land* The choice evidently lies between 
accepting continent id drift nr postulating a giant loud bridge 
acrrwi what is now 4,ntwl miles of ocean. Here the late Car¬ 
boniferous glaciation nl - bmdwanalarni helps us in maiden; a 
decision. 

ntf. CLUlATn /.ONES nr THF Latt ( ‘.vRUoMFt;K<)U3 

Beds of tiUitt (consolidated till or buiildrr day), now known 
i<> i >e of laic Carboniferous age, were hoi recognised in tropical 
India in is:,7. in South Australia in 185#, in South Africa in 
* s afl( l in BraaiJ in 188$. As these a maxing discoveries 
were lull owed up ft Iwcamr unmistakably dear tliat Good' 
wauabmd had been glaciated on a gigantic scale at a time when 
Laura da enjoyed mild or tropical climates. 

1 he widespread Dwylta tiilitc of South Africa has been 
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partly obliterated by erosion, and is partly hidden by l iter 
formations. But innumerable exposures still occur at intervals 
Irom the Transvaal towards die Cape anti from South-West 
Africa to Natal. In many places it can be seen resting on a 
glaciated floor, eh aractrra deafly scored with striatlons. 
Rochet tnoumniis, excavated rock basins, drumlins, and varved 
days have Ixxn discovered, Hie tilliie ittcif contains grooved 
and ire-faceted botilden and erratic blocks (Plate thin), «omt? 
of which have been transported for hundred' qf miles from the 
north. In stone localities two or three tillitcs arc known, with 
intervening interglacial deposits, showing that, as in the 
Pleistocene ice ages, there was more than otic major advance 
and retreat of the ice. The successive glaciations were not all 
from the same centre, but migrated from west to east. The 
associated deposits show that die glaciated region was one at 
moderate relief, and for the most part low-lying. At the 
margins the ice terminated in shallow water, marine, brackish, 
or fresh, which followed up the ice as it retreated. No high 
mountain range or plateau lay to the north, from which great 
valley glaciers might have descended. Th<- glaciation was the 
wo; k of a continental ice dim that spread outwards under the 
pressure of its own great thickness. 

The ice came from centres lying far to die north, and in the 
latest of the glad aliens from beyond Nam], outside the present 
continent. Since it must have radiated ivot only towards the 
south, but outwards in all directions, it follows ihat the Dwyka 
tillkes should be only part of a once continuous ring of such 
deposits, surround Eng the region of ice dispersal. Confirming 
this deduction till ires of the same age have been found in the 
north of Angola, in the eastern Congo, in Uganda, and in 
Madagascar, mid in the first three of these territories it has 
been established ih.it the ice moved from The south. As indi¬ 
cated in fig, 250, ihr ice sheet advanced beyond the Equator. 

frt Imliii, fur to the north of the Equator, similar evidence 
has been found in Orissa md the Central Provinces, and still 
farther north in the Punjab. The Him .flavor did nor then 
exist, nnr did any other mountain range from whirl i the ire 
might have spread over the plains. Hera ag-flu we see onlv a 
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segment of :i great Lee sheet, a pm in which the: ke radiated 
northwards, away from she pirsrrit Kquainr. Fmir of thr 
Australian States, togeth a with Rumania* were a I to ghu kited 
from what k now the south. In addition to i tie equivalents 
of the Dwyka til lit es there h evidence in Australia of an earlier 
gbidatiem about the middle of the Carboniferous, and of a 
Inter one in the Permian, both of which were also experienced 
in South America, The tilUtcs of Dwyka age, however, are 
those best represented in South America! where the ice ad* 
vaueed From what is now the Atlantic over part* of Brazil, 
Uruguay, and Argentina, and the whole of the Falkland 



Fi*. 

kta|> ihowjit^ ik diittlbuii/jn of the Lite - Q;ir bortiff: rmia gJarJilian tif Giuid* 
waiuthml. The unmm imhraic shf dsrecikun* of Ter movrniJint 


Thnds. Ol all the fragments of Goadwanahind the only one 
that has failed to Furnish evidence of the late Carboniferous 
glaciation U Antarctica, As mu*i of Antarctica is at present 
shrouded by iir, this b not a mutter for surprise. 

A ghmrr M Fig + 25ft shows that the glaciated lands now 
occupy j considerable area of the tropics on both sides of she 
Kquafeor. With the continent in (heir present positions such 
a distribution of icosheera is hopelessly inexplicable. The 
Suggestion that Gond wan aland rose from sea level to a plateau 
so enormously high that it was above the mow line k negatived 
by ample evidence that ii was nowhere very high, Bui whether 
it was or not, the tropia could not have been glaciated dow n 
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to sea, levd without the develop mem of stilt greater ice shects 
over the northern lands. The only evidence of Carbonifer oils 
glaciation in the north in found in Alaska, which has probably 
never been far from Lhc North SVite, and near Boston, tn the 
Appalachian orugrme bt \h which at that time may wdl have 
been a high mountain range* On the mher hand the great 
Car bin diet- hi* coal were nourishing from North Amertt a 
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&y Wilder 

to China while Gmidwanahml lay under ire. Moreover, 
deposits ofUtcrile and btniKite that rould only Have formed in 
a tropical climate are found m the Upper tlar bon litmus of 
tbr United Star.' (Kentucky and Ohio), Scotland (Ayr¬ 
shire), Germany, Russia fynafi of the Moscow basiri), and 
China fShamung), 1 lie inference that the ecjuamrbd zone 
of ,} >e time is roughly indicated by this Uteri tn: belt is irre- 
iistiblt- 
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ATTEMPTfcD tULUSEUBLV OF Till CONTINENTS 

No amount of polar vv;m during, even if it could be admitted, 
would give a distributin'! of climatic girdle- .iround the globe 
corresponding to the picture outlined above. Wherever (he 
Souiii Pole U imagined to have been in order to account for 
any one of the friaciateci regions, it would slid have been loo 
distant from the others to account for mure than one of them. 
The problem, indeed, remains an insoluble enigma, tm1r^< 
the straightforward inference is accepted that all the continents 
except Antarctica lay well to the south of their present positions, 
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'Otii dial (he southern conbnailt were grouped together around 
c ^ lul ^ W*Jc, In attempting a circumpolar reassembly 
f he position to be allotted to Antarctica is necessarily un- 
Certain, Wegener plates it between Australia and South 
America {Fig, 260) ; whereas du Toil, guided by meagre 
j^atiginphical and tectonic dues, thinks it may have been 
between Australia and Africa I Fig* 2*11). With either arrange* 
n ? Cn J tee sheets all fall w ithin an area comparable with that 
glaciated in the Northern Hemisphere during the Pleistocene. 
Moreover, as indicated in Fig, 200, the laterilic belt then comes 
into line with the Equator of die time, and sidin' known details 

5°3 









CONTOQU4TAL DRIFT 


of i he Gitrboiuffrrous climatic girdle also fall consistently imo 
their appropriate places. The site of the Hwaiiim Islands 
would have brai approximutely over die North Pole at this 
time. GoiEcquently. no evidence r*F a North Polar ice cap is 
to be expected- The nearest ol die present land areas where 
signs of glaciation might reasonably be looked for are Cali¬ 
fornia and Alaska. The Carboniferous rocks of California 
are marine sediments, where again no evidence could be ex¬ 
pected. But in Alaska a late Carboniferous tilliie occurs, just 
where it ought to be, 

Tlie only serious argument advanced against the validity 
of the above solution is that it merely exchange* one embarrass¬ 
ing problem for another—the difficulty of explaining how 
continental drift on jo stupendous a scale Could have been 
brought about. By itself dm consider at inn might lie a reason 
for silting on the fence, but the real antithesis is not so simple. 
If one rejects continental drift and accepts the possibility that 
Central Africa could base been glaciated while Br itain had 
a tropical climate, one must also admit the necessity foi land 
bridges, which have since subsided to oceanic depths. 1 he 
continental drift solution has the advantage that il reduces two 
ball ling problems to one, while at the same time it removes 
many other less intractable difficulties. 

Before leaving the subject of climates, it is of interest to 
notice that South Africa was glaciated several times Indore the 
Carboniferous. A widely distributed tilliie occurs in strata ol 
Lower Devonian age in the Gape Province. In the foie !*fr- 
Cafntirian, glaciation occurred on a scale comparable with that 
of die foie CarbotriferMtt—the regions affected including the 
Transvaal, Rhodesia, the l jingo, Angola, and South-West 
Africa. Still earlier in the Pre-Cambrian yet another tiilitc is 
preserved in the Transvaal, and farther back still South-West 
Africa provides evidence of what may be one of Uie earliest 
glaciations known. It thus appears lliat for at least 1.000 
million years I he position of Africa relative to the South Pole 
did not significantly alter. Africa gives us no evidence of 
having drifted from a situation fiir to the south until com¬ 
paratively late in iti geological history. 
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The Search for a Mechanism 

It has been shown that in It Hiking lor a possible means of 
" engineering " amtimmlal drift wc mast confine ourselves to 
processes operating within the earth. To be appropriate, the 
process must lie capable nj of dbmptintr the ancestral Gond* 
wanaland into gigantic fragments, and of carrying the latter 
radially outwards as indicated in Fie. 210 : Africa and India 
towards the Tethya ; Australasia, Antarctica, and South 
.•America out into the I'acific ; 16 ) of disrupting Laurasia, 

though much less drastically, and again with radially outward 
movements towards the Trlhys and the Pacific, a* indicated 
in Fig. 2 ofl, We have already 1 seen that the peripheral orogcuie 
IwJts probably mark the reghun where opposing systems of 
sub-ciwiut currents came together and turned downward*. 
The movements required to account for the mountain struc¬ 
tures .in* in the same difcctioTCt as those required for continental 
drill, and it thus appears that the sub-crustal convection 
currents discussed on pages 408 to 413 may provide the sort 
of mechanism for which we are Looking ( Fig, 262). 

To explain die peripheral erogenic helts three systems of 
convection current* arc called fur ior three co-ordinated groups 
of systems), with their ascending l emirs situated beneath 
Ciondwanalarid. Lauras hi, and the Pacific respectively. In¬ 
cidentally, it should be noticed that tfae coalescence of the usual 
chaotic or smalt convective systems into three gigantic ones 
involves a coincidence that can rarely have happened in the 
earth's history, and one that is just as likely to have come about 
during the Mesozoic era as at any other time. The often-asked 
question : How is it that Pangaea did not begin to break up 
and unfold until Mesozoic time ? thus ceases to have any 
significance. If continental drift could have l«n cawed by 
the gravitational forces invoked by Wegener, then it should, 
have occurred once and tor all very* early in (hr earth's history, 
since those forces have always been in operation. If convection 
currents are necessary, continental drift may have accom¬ 
panied all the greater paroxysms of mountain building in 
former ages but, if so, it would usually have been on no more 
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than ii Limited scale. That there was a quite fixccpuonal in* 
icgraikm of effort in Mesozeie and Tertiary unit* is forcibly 
suggested by emptiom of plateau basalt* and building of 
mountains On a sexier for which ii would l>e bard to find a 
parallel in any earlier age* 

There arc 3 therefore, good reasons for supposing (bat at this 
critical period of ihe earth's history the convecm rr circuJatioas 
became unusually powerful and well organised. Currents 
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flowing horizontally beneath the crust would inevitably tarry 
I he continents ilon^ w ith them, provided Lhai tiir LaorfnuiiS 
imntal resistance could be overcome. The obstruction that 
stands in the way of continental advance is the basaltic layer, 
and obviously Ter advance to be possible the basaltic rocks 
must be continuously moved out of the way, In other words* 
they must founder into the depth,, since there can be nowhere 
else for thnn to (Fig. 282), 

Now this is precisely what would be most likely to happen 
when two <ip|x -,m L - liurmtu come together and mm down* 
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SCTPOSED EFFECTS OF CONVECTION CURRENT* 

wards beneath a cover of basaltic composition. The laLter 
I fern stiffen intense compression, and like the rial in similar 
dreams lances it Is eventually drawn in to form roots (cf> Figs, 
21 & and 21fi). On the ocean floor the expression of such a 
down-turning of the basaltic layer would be an oceanic deep. 
Tin- tpe.il deeps fen dr ring I hr i land fe-toons of Ash* and the 
Australasian ire (Tonga and Kcrmadcc) probably represent 
the case where the sialic edge of a continent has turned down 
to form the inner flanks of a root, while the oceanic floor con¬ 
tributes the outer flanks. 

It is not difficult to see that a purely basaltic root must have, 
a very different history from one composed of rial. The 
density of sial is not significantly increased by compression. 
Consequently, when a sialic root is no longer being forcibly 
held down, it begins to rite in response to tsostasy, heaving up 
a mountain range ils it does so. But when rods like bit-alt nr 
fabbro .density 2-0 or TO) are subjected to intense dynamic 
tn eta morphism they arc transformed into schists and gram j lit es 
and foully into a highly compressed type of rock called eshgiU^ 
the density of which is about 3 * 4 . Since this change is known 
to have happened to certain masses of basaltic rocks that have 
been involved in the stresses of mountain budding, it may safely 
be inferred that basaltic roots would undergo a similar meta- 
morphkm into cdugile. Such roots could not, of course, exert 
any buoyancy, and for this reason it is impossible that tectonic 
niuiuiiaitjs could ever arise from the ocean floor. On the con* 
trary, a heavy root formed of cciogite would continue to 
develop downwards until it merged into and became part of 
the descending current, so gradually 3 inking out of the way, 
and providing room for the crust on cither side nr be drawn 
inwards by die horizontal currents beneath them {Fig. 

Tin* edugiie that founders into the depths will gradually 
be heated up as it in the COnVcetive cfoidatfon. By the 

lime it michrs the bottom of the substratum it will have begun 
to line, so forming pockets of magma which. I wring of tow den¬ 
sity, must sootier or later rise to the (op, Thus an adequate 
source b provided for the unprecedented flows of plateau basalt 
that broke through the continent* during Jurassic and Tertiary 
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times. Most of the basaltic magma, howler, would naturally 
rise with the ascending current* of the main eonvcctumal 
systems until it readied the tom and outstretched crust of the 
disruptive baiim Jell behind the advancing continents or in 
the heart -hf the Pacific, There it wotdd escape through in¬ 
numerable fissures, spreading out as sheet-like intrusions within 
the crust, and as submarine lava flows river its surface. Thus, 
in a general way, it is possible to understand how the gaps rent 
in the crust come 10 be healed again ; and healed, moreover, 
with exactly Ihc right sort of material to restore the ba sal tic 
layer To sum up : during large-scale convert!ve circulation 
the basaltic layer becomes a kind of endless Lraveiiing bell .>n 
the top t>r which a continent ran be carried ;d<wg, until it 
comes i<> rest ;relative to die belt) when ii> advancing front 
readies thr place w here thr belt turns dowmvtirds and dis¬ 
appears into the earth. 

To go beyond <lu above indication that a mechanism 
for continental drift is by n« means inn mem-able would at 
present be unwise. Many serious difficulties still remain 
unsolved, in particular, it must not be overlooked that a 
successful process must also provide for a general drift of the 
crust over die interior : a drift with a northerly component 
on the African side sufficient to carry Africa aver lltr Equator, 
and Britain from ihr late Carboniferous tropics to i|F. preterit 
position. The northward push of Africa and India, of which 
the Alpine system and the high plateau of Tibet am spectacular 
witnesses, could not have Iwcn mftkkm by itself to shove 
Europe and Asia so far to the norrh. To achieve this thr aid 
of exception idly powerful *ub-l.aurariiin currents directed 
towards the Pacific is required. The total northward com* 
ponent* might then overbalance the southward components, 
and a general drift of the crust would be superimposed on the 
normal radial directions of drift. 

It must Ire dearly realised, however , that put civ speculative 
ideas of this kind, specially invented to match the requirement i, 
can have no scientific vnluc until they acquire support from 
independent evidence, ‘Fite detailed complexity of convection 
system*, and the endless variety of their interactions and 
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kaleidoscopic transformations, are so incalculable that many 
generations of work, geological, experimental, and mathe¬ 
matical, may well be necessary before the hypothesis cmi he 
adequately tested. Meanwhile it would be futile to indulge 
in Lhc early expectation of an all-embracing theory which 
would salkhictorily correlate ail the varied phenomena for 
which the earth’s internal behaviour is responsible. The 
words of John Woodward, written in 1 (ht5 about orr deposits, 
are equally applicable to-day in relation to continental drill 
and convection currents ; “ Here , 11 he declared^ “ U such a 
viist variety of phenomena and these many nf them so delusive, 
that ’Lis very hard to escape imposition and mistake.” 
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